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SUMMARY
While the 1971 San Fernando earthquake heightened the awareness of the seismic
vulnerabilities of highway bridges and motivated seismic retrofit programs in California,
seismic design considerations were not made in regions of moderate seismicity such as the
Central and Southeastern United States (CSUS) until after 1990. This has resulted in an
inventory populated with highly vulnerable bridges for which states in the CSUS are now
beginning to evaluate deficiencies and undertake seismic retrofit activities. There has been
limited research to date to evaluate viable retrofit strategies for the bridges common in the
region or support decision making on seismic upgrade. However, an emerging tool in seis-
mic risk assessment, bridge fragility curves, provides valuable support for risk mitigation
activities.
There is an urgent need for the development of fragility curves for retrofitted bridges,
particularly for the CSUS. These fragility curves are conditional probability statements
of potential levels of damage over a range of earthquake intensities. The development
of reliable retrofitted bridge fragility curves would allow for assessment of the effects of
various retrofit measures on the performance of different CSUS bridge types. Therefore,
a primary objective of this work is to develop a methodology for fragility assessment of
bridge retrofit, in order to support seismic risk mitigation efforts in the region.
xvi
A range of potential retrofit measures for typical classes of bridges in the CSUS are
evaluated ranging from response modification to capacity enhancement or partial replace-
ment. This is accomplished by developing detailed analytical models of the retrofitted
bridges and subjecting them to suites of synthetic ground motions appropriate for the re-
gion of interest. The impact of retrofit on the demand placed on various critical com-
ponents in the bridge is captured through the development of joint probabilistic seismic
demand models (PSDMs). The potential for meeting different measures of performance is
assessed incorporating both the uncertainty in the seismic demand and capacity in order
to develop the fragility curves. Appropriate levels of uncertainty are evaluated and prop-
agated through the analysis. The fragility curves reveal the impact of retrofit not only on
component vulnerability, but on bridge system performance. The results indicate that dif-
ferent retrofits become more eff ctive depending upon the bridge type and damage level of
interest. Frameworks for the use of the fragility curves in retrofit selection are highlighted
including performance-based retrofit and cost-benefit analyses. These types of assessments
illustrate the vital role the retrofitted bridge fragility curves developed as a part of this work





Earthquake damage in recent decades has revealed that bridges are one of the most vul-
nerable components of the transportation system. Damage to bridges can cause significant
disruption to the transportation network, posing a threat to emergency response and recov-
ery as well as resulting in severe economic losses for a region. The transportation system of
the Central and Southeastern United States (CSUS) is particularly at risk because of the his-
tory of large but infrequent events and the fact that many of its bridges were designed with
little or no seismic consideration. Previous studies have estimated that a major earthquake
in the CSUS could result in economic losses in excess of $200 billion (Abrams, 2003).
In an effort to mitigate potential damage, bridges with inadequate seismic detailing
may be seismically retrofit. Following the 1971 San Fernando Earthquake, the California
Department of Transportation (Caltrans) implemented a state-wide bridge retrofit program
to systematically address the deficiencies of existing structures (Mellon and Post, 1999).
The state’s current Seismic Safety Retrofit Program, established in 1989, involves over
2,200 bridges at an estimated construction cost of $8 billion (Caltrans, 2003). Other West-
Coast states such as Oregon and Washington have established similar programs.
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In recent years, awareness of the potential seismic hazard in the CSUS has increased,
and has precipitated seismic retrofit activities and evaluations in some CSUS states. How-
ever, this has led to a question of the viability of different retrofits for bridges common to
this part of the country, and prompted concern over the cost of the large number of bridges
that may require retrofit. CSUS resources for seismic retrofit are limited, and investment
in seismic upgrade must be made efficiently. Little technical support has been offered to
date for evaluating the impact of various retrofit measures on the seismic performance of
bridges in the region. There is a strong need for a comparative assessment of the viability
of various retrofit strategies for typical CSUS bridges.
One approach to facilitate decision making for seismic bridge retrofit in the CSUS is
the use of bridge fragility curves. Bridge fragility curves are conditional probability state-
ments providing an enhanced understanding of expected seismic bridge performance. They
indicate the probability of the bridge being damaged beyond a given state for various levels
of ground motion intensity. The availability of reliable retrofitted bridge fragility curves
would allow for assessment of the eff cts of various retrofit measures on the performance
of different CSUS bridge types. Such tools could offer support for identifying retrofit mea-
sures for bridges common to the region, and provide essential tools for decision-support
frameworks such as performance-based retrofit and cost-benefit analyses. An emerging
approach for evaluating the seismic risk to regions or infrastructure systems, such as trans-
portation networks, is the seismic risk assessment (SRA) methodology. Fragility curves are
essential inputs to this framework and coupling retrofitted bridge fragility curves with the
framework would support effective investment in seismic risk mitigation rooted in evaluat-
ing retrofit impact on regional and system performance.
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1.2 Objectives and Scope
This research aims to provide enhanced understanding of the impact of various retrofit
strategies on the seismic performance of typical CSUS bridges through the use of proba-
bilistic methods. A primary objective is to develop an approach for vulnerability assess-
ment of retrofitted bridges, in order to provide the first set of fragility curves for general
classes of retrofitted bridges. The intention is to provide support for seismic risk mitigation
efforts for transportation networks by offering insight on the relative benefits of different
retrofit measures and providing essential tools for decision support frameworks. In order
to achieve these goals, care is taken in evaluating the effect of retrofit and providing appro-
priate details on the fragility methodology for development of reliable fragility curves for
classes of retrofitted bridges.
The associated research tasks include the following:
• Evaluation of the viable retrofit measures performed in the Central and Southeastern
United States. Identification of potential measures to be incorporated in the study
and vulnerable bridge types to be examined.
• Development of detailed 3-d analytical models of the retrofitted bridges.
• Deterministic analysis of the classes of typical bridges in their as-built and retrofitted
conditions. This allows for determination of likely critical components and the effect
of retrofits on the various component responses.
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• Identification and probabilistic modeling of potentially uncertain modeling parame-
ters. Screening of the most significant modeling parameters for incorporation in the
simulation for fragility assessment.
• Determination of damage states and limit state capacities for bridges. Assessment
of bridge damage-functionality survey results for recommendation of damage states
and refinement of limit states for bridge components such that they have a consistent
implication of allowable traffic capacity.
• Development of component and systems level fragility curves for classes of retrofitted
bridges. Comparison of the relative performance of bridge components and systems
under various retrofit measures.
• Exploration of the sensitivity of the fragility estimates to various levels of uncer-
tainty treatment, including sources stemming from ground motion, geometric, and
analytical modeling parameters.
• Illustration of the use of retrofitted bridge fragility curves for risk mitigation activi-
ties.
1.3 Dissertation Outline
The content of the dissertation is organized into the following chapters:
• Chapter 2 provides an overview of seismic retrofit of bridges in the Central and
Southeastern US (CSUS), including the current state of practice and research studies
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on retrofit of bridges common to the region, as well as a summary on previous re-
search in the area of bridge fragility. Potential methodologies and studies focused on
the development of fragility curves for retrofitted bridges are emphasized.
• Chapter 3 presents the five retrofit measures considered as a part of this work. The
Chapter highlights the overall retrofit objective, past experimental testing, typical
details, and analytical modeling of the retrofits.
• Chapter 4 provides a deterministic performance evaluation of classes of retrofitted
bridges. It presents the four typical classes of CSUS bridges examined in this study
along with the analytical modeling approach, response characterization of the retrofitted
bridges, and a summary of the influence of retrofit on the seismic response of the dif-
ferent retrofitted bridges.
• Chapter 5 assesses the sensitivity of the response of the retrofitted bridges to mod-
eling parameter uncertainty, by evaluating the significance of various modeling pa-
rameters through a screening study.
• Chapter 6 presents a study to evaluate the relationship between bridge damage and
functionality which will be used to refine the limit state capacities for forthcoming
probabilistic assessment of bridge performance.
• Chapter 7 provides the methodology for fragility curve development for general
classes of retrofitted bridges. The Chapter discusses the details for the approach
including ground motions used, joint probabilistic seismic demand models, capac-
ity estimates, component fragility curves, and the development of retrofitted bridge
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system fragility curves. The sensitivity of the system fragilities to various levels of
uncertainty treatment is examined. The resulting fragility curves developed for a
range of CSUS bridge types and retrofit measures are presented.
• Chapter 8 offers frameworks for applying the retrofitted bridge fragility curves to
support seismic risk mitigation efforts. This includes supporting implementation
through simplified fragility parameters and modification factors, supporting retrofit
decision making through a framework for performance-based retrofit assessment or
cost-benefit analyses, as well as the use of such fragilities in a regional seismic risk
assessment.
• Chapter 9 summarizes the research and draws conclusions, as well as discusses the
anticipated impacts of the work and suggestions for future research.
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CHAPTER II
OVERVIEW OF BRIDGE RETROFIT AND FRAGILITY
STUDIES
Following the 1971 San Fernando Earthquake, the California Department of Transportation
implemented a state-wide bridge retrofit program to systematically address the deficiencies
of existing structures (Mellon and Post, 1999). Damage from past events has provided
evidence of the vulnerability of common bridge types, performance of retrofits, and need
for future retrofit (Cooper et al., 1994; Seible and Priestley, 1999). Multi-frame concrete
bridges that have short seat widths have been identified for restrainer retrofit, and those with
squat columns or pre-1971 designed columns with inadequate transverse reinforcement and
lap splices have been targeted for column jacketing. However, there have been few investi-
gations of the most appropriate potential retrofits for typical Central and Southeastern US
(CSUS) bridges. The region has a significantly different bridge stock than the West Coast,
with a large percentage of the inventory consisting of multi-span simply supported, multi-
span continuous, and simply supported steel and concrete girder bridges (Nielson, 2005b).
An evaluation of current retrofit practice in CSUS, studies on retrofit of CSUS-type bridges,
and the state-of-the art in bridge fragility curve development help to illustrate the state of
the practice and needs in the area of bridge retrofit evaluation for the CSUS.
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2.1 Seismic Retrofit of CSUS Bridges
2.1.1 Seismic Retrofit Practice in the CSUS
The majority of bridges in the Central and Southeastern United States (CSUS) were de-
signed with little or no seismic consideration. Typical bridge deficiencies have been identi-
fied as inadequately detailed columns with limited ductility capacity and low shear strength,
brittle steel bearings, short seat widths, and inadequately reinforced pile caps among others
(DesRoches et al., 2004). Common challenges for bridge assessment in low-to-moderate
seismic zones such as the CSUS have been identified by DesRoches et al. (2000). These
include (1) the infrequent nature of the major or moderate earthquakes leading to little un-
derstanding of large earthquake characteristics; (2) the lack of adequate seismic design in
much of the bridge inventory; (3) the vague understanding of the earthquake source and
mechanism; and (4) the potential for a more wide-spread damage area based on the atten-
uation in the CSUS. In recent years, the community has begun to recognize the potential
vulnerability of these bridges and of new bridges in the region. Recent changes in the de-
sign recommendations have included the recommendation of a design earthquake that has
a 2% probability of exceedance in 50 years (an earthquake with a mean recurrence interval
of 2475 years) in the FEMA 302NEHRP Recommended Provisions for Development of
Seismic Regulations for New Buildings and Other Structures(FEMA, 1997). States in the
CSUS region have begun to assess the vulnerability of their inventory and some have be-
gun to undertake seismic retrofit activities. Many states in this region are challenged with
investing limited resources available for seismic upgrade.
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The Central US Earthquake Consortium (CUSEC) has collaborated with the US De-
partment of Transportation to prepare a monograph that helps to increase the awareness of
the earthquake risk to transportation systems in the Central US (CUSEC, 2000), focusing
on the vulnerable regions of Arkansas, Illinois, Indiana, Kentucky, Mississippi, Missouri,
and Tennessee. They discuss and encourage mitigation efforts, including development or
adoption of sufficient design criteria, and bridge retrofit programs that implement technolo-
gies that are new and innovative in the CUS community. Examples of the current state of
practice in seismic retrofit of bridges in the Central and Southeastern US is presented be-
low. This includes protection of a number of different bridge components using a range of
retrofit measures and approaches.
2.1.1.1 Column Retrofit
States in the CSUS region have used a number of different approaches to target the im-
proved performance of non-seismically detailed columns. A vast majority of the columns
in typical CSUS bridges are concrete columns, for which a variety of retrofit measures have
been proposed. While full column replacement is sometimes an option, states often adopt
less costly and invasive alternatives. The general retrofit strategy for these columns often
includes some sort of encasement in order to improve the shear or flexural strength, flexural
confinement and ductility capacity, or lap splice performance.
Steel jackets are a common approach to retrofitting deficient columns in the CSUS.
Partial column casings often target the plastic hinge regions by providing enhanced con-
finement for increased ductility capacity, or target locations of the lap splices for improved
bond transfer. Full height jackets also improve the shear strength of the column. Examples
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of a partial height steel jacket in St. Louis, MO and full height column retrofit in Tennessee
are shown in Figure 2-1. Over a dozen bridges in Tennessee have been retrofit with these
jackets.
2-1(a): 2-1(b):
Figure 2-1: Examples of (a) partial height steel jackets in MO and (b) full height steel
jackets in TN.
Concrete overlays are often used to provide confinement for enhanced ductility capac-
ity, and less often as measures to increase a column’s flexural strength since this is not
often required or desired. Both longitudinal and transverse reinforcement may be provided
in these casings, and in some instances the concrete overlay is used in conjunction with a
steel jacket retrofit. The construction of a concrete encasement in Memphis, TN is shown
in Figure 2-2(a) and a completed partial height encasement in Illinois is shown in Figure
2-2(b).
Other column retrofit measures which have been performed in some states but are less
common on average include cable column wraps (or external prestressing),and jacketing
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2-2(a): 2-2(b):
Figure 2-2: Concrete column overlay (a) during construction in TN and (b) as a partial
encasement in IL.
by fiber composite wraps, which may be continuous or applied in strips. Examples of
these column retrofits performed by the Illinois DOT are shown in Figure 2-3. The main
objective in most cases is to provide confinement for the concrete columns.
2.1.1.2 Isolation
Isolation strategies are adopted to limit the forces transferred to deficient substructure el-
ements and as a means to replace existing bearings. While the replacement of existing
vulnerable bearings, such as shown in Figure 2-4, with isolation bearings is slightly more
intrusive than other measures, several states have employed this retrofit approach. States in
the Central and Southeastern US have performed retrofit with a relatively limited number
of bearing types. Laminated elastomeric bearings have been used in several states (Fig-
ure 2-5(a)). Others have used energy dissipating sliding bearings (Figure 2-5(b)), as well
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2-3(a): 2-3(b): 2-3(c):
Figure 2-3: Other column retrofits with (a) cable wraps or (b and c) fiber composites
performed in IL.
as lead rubber bearings or friction pendulum bearings, which are found on the Hernando
DeSoto Bridge crossing the Mississippi River between Arkansas and Tennessee (2-5(c)).
2-4(a): 2-4(b):
Figure 2-4: Potentially vulnerable existing steel (a) fixed and (b) rocker bearings.
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2-5(a): 2-5(b): 2-5(c):
Figure 2-5: Isolation bearings found in the CSUS: (a) laminated elastomeric, (b) sliding,
and (c) friction pendulum bearings.
2.1.1.3 Longitudinal Restrainer
Longitudinal restrainers are often implemented at the expansion joints between adjacent
decks or at the deck-abutment interface to limit deck displacement and reduce the potential
for span unseating. In the CSUS, these restrainers often take the form of cable restrainers.
For simply supported bridges, as are typical in the CSUS, cables may be anchored to the
girder and then wrapped around the bent cap or anchored directly between the girder and
bent cap as shown in Figure 2-6(a). An alternate configuration would be for the cables to
be mounted directly between adjacent girders as shown in Figure 2-6(b), however this has
been recognized as a less appropriate method for bridges with short seat widths (Keady
et al., 2000). Field implementation of a common set of CSUS restrainer cable details is
shown in Figure 2-7 for a bridge in TN, where the cables are connected from the girders
to the abutment as well as between the girders and bent cap. Over 200 bridges have been
retrofit with steel restrainer cables in the state of Tennessee alone, and a number of similar
retrofit projects have been performed in other Central and Southeastern US states.
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2-6(a): 2-6(b):
Figure 2-6: Two potential restrainer configurations.
Figure 2-7: Common CSUS restrainer cable retrofit details as performed in TN.
14
Another type of restrainer is high strength bar restrainers, which are often stiffer yet
more ductile than the cable restrainers. These have been used less frequently in the CSUS
yet examples exist in different arrangements in IL and MO (Figure 2-8).
2-8(a): 2-8(b): 2-8(c):
Figure 2-8: High strength bar restrainers in (a) MO and (b and c) IL.
2.1.1.4 Other Longitudinal Restraint and Response Modification Devices
Other devices that modify the longitudinal response of bridges have been employed in
bridge retrofit, often to either prevent excessive movement of the superstructure or to pro-
vide energy dissipation. A relatively simple alternative method to restrainer cables is the
use of stoppers, or bumper blocks. An example is shown in Figure 2-9(a). As previously
shown in Figure 2-7, the bumpers may be used in conjunction with restrainer bars. Shock
transmission units (STUs) have also been used to modify the longitudinal response, as
shown in the Poplar Street Bridge in MO (Figure 2-9(b)). These devices allow for slow
motion, such as thermal movements, yet rigidly restrict rapid motion, such as that induced
by earthquake loading. These retrofits all serve as displacement limitation devices and
provide load transfer at the location of implementation.
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2-9(a): 2-9(b):
Figure 2-9: Retrofits performed in MO using (a) bumpers and (b) shock transmission
units.
2.1.1.5 Shear Keys and Transverse Restraint
Transverse restraint of the superstructure is often provided to keep the superstructure from
sliding off its supports should the bearings fail in the transverse direction, and is recom-
mended for common CSUS conditions such as when high steel rocker bearings are used, or
limited transverse seat is available (FHWA, 2006). Shear keys often take the form of rein-
forced concrete blocks doweled into the bent beam, which have been used in TN and MO
among other states (Figure 2-10(a)). In some cases they are added as keeper brackets to
the bearing assembly, as shown in Figure 2-10(b), and less often as transverse steel bumper
assemblies.
2.1.1.6 Seat Extenders and Catcher Blocks
Since many of the bridges in the CSUS have relatively short seat widths and unseating is
a concern, another popular retrofit measure is the use of seat extenders. Rather than alter
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2-10(a): 2-10(b):
Figure 2-10: Transverse restraint provided by (a) concrete shear keys and (b) keeper brack-
ets.
the response of the bridge in the longitudinal direction, they serve as a failsafe to deck
collapse by providing an extended support length. Most commonly, the seat length for a
simply supported bridge may be extended at the abutment or bent through the addition of
a concrete corbel or steel bracket as illustrated in Figure 2-11. Tennessee has performed a
number of retrofits with seat extenders in bridges crossing I-40, as shown in Figure 2-12(a).
Figure 2-12(a) shows less conventional seat extender details used on US40 in Missouri.
Catcher blocks perform a similar function of supporting the span given it has fallen off
of its bearing or the bearing has failed, and have also been used in MO. However, catcher
blocks are elevated to a height just under the girders and are often used either when the deck
is supported by tall bearings, and/or there is not sufficient room to anchor seat extenders as
in Figure 2-12(c).
2.1.1.7 Footing Retrofit
The foundations of most CSUS bridges were not designed considering seismic loading and
may be susceptible to damage, yet theSeismic Retrofit Manual(FHWA, 2006) indicates
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Figure 2-11: Corbel and bracket seat extender details.
2-12(a): 2-12(b): 2-12(c):
Figure 2-12: (a) Traditional seat extender retrofit in TN, (b) beam extender in MO, and (c)
catcher block.
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that collapse due to structural failure of footings and foundations is rare. Additionally,
such retrofits are expensive and disruptive. As a result, relatively few foundation retrofits
have been performed in the CSUS. Those performed have included footing strengthening
by adding pile cap reinforcement and concrete overlay (Gupta and Hartnagel, 2003) in TN,
or extending the foundations and adding piles (Anderson and Gruendler, 1995) in IL.
2.1.1.8 Bent Cap Retrofit
Bent caps which serve to transfer loading from the bearings to the columns may be defi-
ciently reinforced for either shear or flexural loading. The general approach to bent cap
retrofit is to enhance the shear or flexural strength to sufficient levels such that the columns
form plastic hinges before damage occurs in the bent beam (Priestley et al., 1996). Both
IL and MO have retrofitted bridge bent beams (or bent caps). The most common measure
includes providing pre-stressing of the beam through external tendons, as shown in Figure
2-13(a) (MO), where the pre-stressing essentially enhances the strength of the bent cap by
providing an axial compression force on the beam. Other retrofit approaches include pro-
viding external shear reinforcement, as has been performed in IL (Figure 2-13(b)), adding
reinforced concrete bolsters to the existing cap beam face to increase the level of shear and
flexural reinforcement, or completely encasing and reinforcing the beam (Figure 2-13(c) in
TN).
2.1.2 Analytical and Experimental Studies on Retrofit of CSUS Type Bridges
While there have been many studies that evaluate the performance of various bridge com-





Figure 2-13: Bent cap retrofits with (a) pre-stressing in MO, (b) shear reinforcement in
IL, and (c) reinforced concrete encasement.
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systems and impact of retrofit on various components within the system. In general, stud-
ies often evaluate the efficacy of retrofits for other types of bridges, such as multi-frame
concrete bridges, or the impact of retrofit on improving a particular bridge component re-
sponse. These approaches include strengthening, such as the use of steel restrainer cables
(Saiidi et al., 1996; Selna et al., 1989); capacity improvement, for example steel jacketing
of columns (Chai et al., 1991; Zhang et al., 1999); force limitation or response modifica-
tion, such as implementing an isolation strategy (Ghobarah and Ali, 1988; Kelly, 1998);
and other bridge retrofit approaches (Priestley et al., 1996). However, there have been
relatively few studies that have explored the impact of various retrofit measures on the seis-
mic response of common classes of bridges in the Central and Southeastern US, such as
multi-span steel or concrete girder bridges, which have been revealed to have potentially
significant seismic vulnerabilities. Those that have often focus on a particular bridge’s re-
sponse under a given retrofit, rather than aiming to evaluate a class of bridges and compare
the effectiveness of various potential measures.
DesRoches et al. (2003) performed full-scale tests of cable restrainers in a simply sup-
ported steel girder bridge and provided cable connection recommendations for these bridge
types that were subsequently implemented in the CSUS. Saiidi et al. (2001) evaluated dif-
ferent restrainer design methods for multi-span simply supported (MSSS) bridges using
two- and five-span steel girder bridges. They concluded that while the use of restrainers
tended to decrease the critical relative displacements, the reduction was not necessarily pro-
portional to the number of restrainers used, and that the bearing strength has a significant
impact on the response. A multi-span simply supported steel girder bridge was analyzed
by Caner et al. (2002) under link slab retrofit (a provision for continuity between decks
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that may serve as an alternative way of reducing span separation or unseating). They found
that the retrofit improved the seismic performance by reducing relative displacements or
potential unseating and noted that abutment forces were increased.
Ductile end-diaphragm systems were investigated as retrofits which help to provide en-
ergy dissipation and limit the forces transferred to vulnerable substructure elements in work
by Zahrai and Bruneau (1999). They found that the retrofits showed promise, particularly
for bridges having long spans and few steel girders. Maleki (2004) considered the effects of
side retainers (or keeper plates) on single span bridges with non-seismic elastomeric bear-
ings, and concluded that the gap between the bearings and keeper should be considered in
order to avoid underestimating the forces transferred to the substructure. Dicleli and Man-
sour (2003) investigated the use of friction pendulum bearings (FPB) vs. a footing retrofit
strategy a multi-span continuous concrete girder bridge in IL and compared the demand
on the abutments, piers, and bearings, and compared the costs of the two bridge retrofits.
Other researchers (Jangid, 2004; Liao et al., 2004; Yan et al., 2004) have analytically eval-
uated the effect of isolation on column response and deck displacement for specific bridges
common to the CSUS, and indicated the potential for pounding between adjacent decks.
Extensive testing of single columns with steel jackets have been performed by Priestley
et al. (1994a,b) and Chai et al. (1991). Zhang et al. (1999) has analytically evaluated various
combinations of column jacketing of a multi-column bent, however the response of other
bridge components was not modeled.
These studies have provided insight into the potential viable retrofit strategies for typ-
ical CSUS bridges. However, the number of studies addressing retrofit of CSUS bridges
classes has been rather limited and they do not provide adequate relative comparison of
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retrofit of CSUS bridges. The relative impacts of a range of different retrofit measures on
the seismic performance of typical CSUS bridges has not been addressed. Moreover, prob-
abilistic analyses of CSUS retrofit techniques have not been addressed. This is critical for
assessing the potential of various retrofit measures to reduce likely damage in the bridges,
and capturing the uncertainties associated with such a performance evaluation.
2.2 Fragility Curve Development and Application to Retrofitted
Bridges
Fragility curves are a key input into a seismic risk assessment of transportation networks
that allow an evaluation of the potential seismic performance of bridges in the system.
The relative vulnerability of bridges in their as-built and retrofitted states may be presented
through a comparison of their vulnerability functions or so-called fragility curves.
Fragility curves state the probability of entering a damage state given an input ground
motion intensity parameter. This conditional probability can be expressed as:
Fragility = P[LS|IM = y] (2.1)
whereLS is the limit state or level of damage to the engineered system or component,
IM is the ground motion intensity measure andy is the realized condition of the ground
motion intensity measure, often expressed in terms of peak ground acceleration or spec-
tral acceleration at the fundamental period. This fragility function represents the ability
of an engineered system or component to withstand a specified event (Tekie and Elling-
wood, 2003). Figure 2-14 depicts the continuous form of a set of fragility curves and their
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Figure 2-14: Fragility curve depiction
The relationship between bridge damage and ground motion intensity has been inves-
tigated for bridge systems since the 1980s and early 1990s, and an array of approaches
and methodologies have been employed. Some retrofit measures may tend to alter this
damage-ground motion intensity relationship. The potential impact of retrofit on the fail-
ure probability of a bridge is illustrated in Figure 2-15. Only in recent years have the first
studies of probabilistic treatment for estimating damage to bridges in their retrofitted condi-
tions been initiated, and the scope has been very limited. The following subsections detail
the current state-of-the-art for development of fragility curves for highway bridges, the ex-
isting applications to retrofitted bridges, and the advantages or shortcomings for potential
application of the methodologies to retrofitted bridges in the CSUS.
2.2.1 Expert Based Fragility Curves
The Applied Technology Council (ATC-13) (ATC, 1985) project funded by the Federal






























Figure 2-15: Example fragility curve for a retrofitted bridge
amounts of data on earthquake damage to California-type facilities. Due to the limited
amount of data available, opinions from experts were solicited in order to estimate the dam-
age to facilities due to earthquakes. A survey was executed following the Delphi method,
in which several rounds, or iterations, of questionnaires were distributed. The participants
were queried as to the probability of a facility being in a particular damage state for dif-
ferent levels of ground shaking using the Modified Mercalli Intensity scale. Seventy-one
experts participated at some point of the questionnaire process. However, only 5 people
were bridge experts and offered responses for the expected level of damage for two main
classes of California bridges, conventional (less than 152.4 m spans) and major (greater
than 152.4 m spans) (ATC, 1985).
Damage probability matrices were presented as a representation of the responses, in
which the Beta distribution was used for their development. This data was later presented
25
in the form of a damage curve in the ATC-25 report (ATC, 1991), which indicated a contin-




















Figure 2-16: Expert-based fragility curves adapted from ATC-25 (ATC, 1991)
There are a number of limitations of the ATC-25 study which have been identified.
Some indicate that these approaches are highly subjective, but even more concerning is the
low response rate to the questionnaire that was used to develop the relationships. Other
limitations include the vast generalization of bridge classes and regional dependence of
the damage-motion relationships due to the assumption of California bridge types in the
survey. The data collection did not specifically address or separate retrofitted bridges from
as-built, as the bridge types were considered to represent a composite of bridges under
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standard construction and present conditions (ATC, 1985). Authors of ATC-25 have indi-
cated the need to consider a modified version of the bridge damage curves for facilities that
have been upgraded, and in the absence of relevant data they have suggested a single unit
MMI intensity shift to account for the anticipated improved performance (ATC, 1991), as
indicated in Figure 2-16. Their suggestions highlight the need for further investigation of
the effect of retrofit on the fragility of bridges.
2.2.2 Empirical Fragility Curves
Empirical fragility curves are those that offer the expected level of damage given a ground
motion intensity based on past damage to bridges from earthquake events. The develop-
ment of these fragility curves requires the utilization of actual bridge damage data that
is often derived from post-earthquake inspection reports, as well as spatial distribution of
ground motion information that is often collected from shake maps. Correlation of the two
data sets allows for a presentation of the fragility curves for given damage states and bridge
types in a region.
A number of researchers have presented methodologies and developed empirical fragility
curves as a result of the increased amount of available data from recent earthquake events.
Basoz et al. (1999) and Basoz and Kiremidjian (1999) have developed empirical fragility
curves for bridges damaged in the Northridge (Mw=6.7) and Loma Prieta (Mw=6.9) earth-
quakes. Shinozuka et al. (2000, 2003) have presented empirical fragility curves based
on Caltrans report data for the Northridge earthquake damage, and for the Kobe (Mw=6.9)
earthquake from the Hanshin Expressway Public Corporation’s bridge column damage data
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(Figure 2-17). Yamazaki et al. (1999) have also developed empirical fragility curves for ex-
pressway bridges in Japan based on Kobe earthquake damage data. These methodologies
are all quite similar in the approach of binning observed damage into ground motion in-
tensity ranges, often peak ground acceleration, and assigning probabilities to the differ nt
damage levels. These are often referred to as damage probability matrices (Basoz and
Kiremidjian, 1999). However, the subsequent fragility curve development varies slightly.
Shinozuka (Shinozuka et al., 2000, 2003) uses the maximum likelihood method to derive
the parameters of a lognormal distribution, Yamazaki et al. (1999) uses the least squares
method for deriving lognormal parameters, and Basoz and Kiremidjian (1999) use logistic




(c = 0.69g, = 0.45)e ez
(c = 0.47g, = 0.59)e ez




































Figure 2-17: Empirical fragility curves based on bridge column damage data from Kobe
(Shinozuka et al., 2003)
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As a result of the limited available empirical data, fragility curves for bridges in their
retrofitted conditions have not been presented in these studies. Basoz et al. note that only
nine of the 233 damaged bridges in the Northridge earthquake had been retrofitted, with
two sustaining major damage and seven sustaining minor damage (Basoz et al., 1999). A
major limitation of this method, even for bridges in their un-retrofitted condition has been
the lack of sufficient damage data for different bridge types and levels of damage, which
has resulted in several groups of bridges without derived curves (Basoz and Kiremidjian,
1999). Alternatively, bridges from different classes are grouped together which poses a
problem with homogeneity of the data and reduces the reliability of the fragility curves.
This highlights a major shortcoming of applying such a method to typical CSUS bridges
as there has been no damage from earthquakes in this region or for these bridge types, and
underscores the necessity of an alternate approach for the development of fragility curves
for bridges in their retrofitted condition.
2.2.3 Analytical Fragility Curves
In the absence of adequate empirical data, fragility curves have been developed through
a number of analytical methods. Recalling that a fragility curve off rs the probability of
meeting or exceeding a level of damage given an input ground motion intensity parameter,
we observe that the level of damage (damage state) can be related to the structural capacity
and that the ground motion intensity relates to the structural demand. Thus an appropriate
model for assessing the fragility of a structural system, such as a bridge, is to determine the









wherePf is the probability of meeting or exceeding a specific damage state,D is the struc-
tural demand andC is the structural capacity.
A fragility is often modeled by a lognormal cumulative distribution function where
the structural demand and capacity are assumed to be lognormally or normally distributed
(Hwang and Jaw, 1990). Thus a closed form solution for the fragility may be presented as








whereΦ[·] is the standard normal probability integral,SC is the median value of the struc-
tural capacity,βC is its associated logarithmic standard deviation of structural capacity,
SD is the seismic demand, andβD is the associated logarithmic standard deviation for the
demand.
Several methods have been used to evaluate the structural capacity and demand, shown
above as necessary quantities for analytical fragility curve development. These methods
cover a range of levels of complexity and computational intensity. An elastic spectral
method has been used by Jernigan and Hwang (2002) and by Hwang et al. (2000) to develop
fragility curves for bridges in Memphis. Specifically, the seismic demand was determined
through elastic spectral analysis, capacities of components were determined according to
the FHWA 1995 edition of theSeismic Retrofitting Manual for Highway Bridges(FHWA,
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1995), and damage states were determined by evaluating the Capacity/Demand (C/D) ra-
tio. An alternate approach has been to use non-linear static methods, often referred to as
capacity spectrum methods. This method has been utilized to develop fragility curves by
Mander and Basoz (1999), Dutta and Mander (1998), Shinozuka et al. (2000), and Mander
(1999). Though the application has been to different bridge types or with varying levels
of information on bridge characteristics, they followed a similar methodology that uses the
intersection of a capacity spectrum found through nonlinear static pushover analysis, and a
demand spectrum found through reduction of the elastic response spectrum.
The most rigorous method for developing analytical fragility curves for bridges is
through the utilization of non-linear time history analysis (THA) for determining the seis-
mic demand. This method has been identified as the most time consuming, yet most re-
liable analytical method (Shinozuka et al., 2000). The non-linear THA method has been
developed and adopted in various forms for bridge fragility assessment by Hwang and Huo
(1998), Shinozuka et al. (2000), Hwang et al. (2000), Mackie (2004), Karim and Yamazaki
(2003), Elnashai et al. (2004), and Choi et al. (2004). While there are some differences
in methodology, the general procedure for developing analytical fragility curves by use of
non-linear time history analysis is illustrated in Figure 2-18.
The initial step is to select a suite of ground motions representative of the region of
interest. The ability of this suite to capture such inherent uncertainties as the earthquake
source, wave propagation, and soil conditions dictates the ability of the fragility curve de-
velopment procedure to propagate these aleatoric uncertainties. In regions with recorded
strong ground motion, such as Japan, Greece, or California, earthquake ground motion
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records from past events have been used, and in some cases scaled to various levels of exci-
tation when employed in an incremental dynamic analysis (Elnashai et al., 2004; Karim and
Yamazaki, 2003; Mackie and Stojadinovic, 2003). In regions of moderate seismicity, such
as the Central and Southeast US, there may likely be little or no available strong ground
motion records, so synthetic ground motions are often adopted. Hwang and Huo devel-
oped 50 histories for each of eight combinations of earthquake magnitude and epicentral
distance based on their methodology for considering seismic source, path attenuation, and
local soil condition (Hwang and Huo, 1994). Shinozuka et al. (2000) utilized these time
histories in developing fragility curves for Memphis, and Choi et al. (2004) used them for
developing fragility curves for the Central and Southeastern US. Wen and Wu (2001) have
also simulated ground motions for three cities in mid-America for seismic performance as-
sessment of structures, such that the median of the response spectra for the suite match the
uniform hazard response spectra for 10% and 2% probability of exceedance in 50 years.
More recently, Rix and Fernandez (2004) have developed scenario earthquake ground mo-
tions for Memphis for various earthquake magnitudes and hypocentral distances in which
the nonlinear site response is considered. These suites will be discussed in further detail in
Chapter 4.
Once an appropriate suite of ground motions is selected, a base bridge model must be
developed and may be sampled. The probabilistic sampling of the bridge model allows for
consideration of uncertainty in the structural characteristics of the bridge, such as material
or geometric properties. Uncertainty in concrete compressive strength and in yield strength
of steel have been common considerations for contributors to uncertainty due to material
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properties. In developing fragility curves for classes of bridges, Choi et al. (2004) con-
sidered the uncertainty due to the size of gap between bridge decks , and Nielson (2005a)
considered the effect of column height and span length. The set of nominally identical but
statistically different bridge samples is paired with the earthquake ground motion set, and
then a non-linear time history analysis is performed for each earthquake-bridge sample.
Maximum responses for critical components are monitored. Often researchers have mon-
itored only the response of the bridge columns, in terms of a displacement or curvature
ductility, or column drift. However, previous research has found other bridge components
of typical bridges in the CSUS to also be vulnerable (such as the bearings and abutments),










































work by Cornell et al. (2002), a linear regression of the logarithms of the intensity measure
and response quantity establishes the probabilistic seismic demand model in the form of
Equation 2.4.
ln SD = b · ln IM + ln a (2.4)
wherea andb are the unknown regression coefficients andIM is the chosen ground motion
intensity parameter. Another parameter estimation method is the use of the Maximum
Likelihood method, as used by Shinozuka et al. (2000) for estimating column demands.
The structural capacity, often referred to as the limit state, of each component must be
defined, as is often based on expert judgement, experimental data, or analytical methods.
Recent advances and work by Mackie (2004) have recognized the importance of defining
limit states in terms of meaningful quantities for bridge performance. They assert that limit
states where the load carrying capacity could be associated with remaining traffic capacity
should be considered. This gap has also been echoed by Werner and Taylor (2002). Finally,
the capacity and demand are coupled assuming a lognormal distribution through the use
of Equation 2.3, to determine the probability of failure (meeting or exceeding a level of
damage) for the various levels of input ground motion intensity. Choi et al. (2004) have
built upon this method by then combining the component fragilities for an overall bridge
system fragility curve through first order reliability theory, and Nielson and DesRoches
(2007a) have proposed a methodology for directly evaluating the bridge system fragility.
The effect of retrofit on the fragility of bridges has been considered in a very limited
number of studies and with a limited scope. Studies have been performed by Kim and
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Shinozuka (2004) which consider the effect of steel jacket retrofit on the column’s ductility
capacity (Figure 2-19). Fragility curves for two sample bridges were developed based
solely on the demand placed on the columns, and preliminary results indicated that for
some damage states the retrofit improved the performance by up to three times based on the
median value PGA. Enhancement factors were proposed based on the ratio of the median
value of the fragility curve for the retrofitted column to the un-retrofitted column. The
enhancement is meant to be applied to empirical fragility curves in order to obtain the
retrofitted fragility curves. While this study was pioneering in its efforts to consider the
effect of retrofit on bridge fragility, the number of retrofits, bridge types, and components
considered were limited. The development of the enhancement factors was targeted at
California-type bridges and developed for two specific bridges. Thus the specific results
of the study and enhancement factors derived may not be relevant for CSUS type bridge
classes. A major drawback of this methodology for analytical fragility curve development
of CSUS-type bridges is its consideration of the column as the only component contributing
to the fragility of the bridge system. Shinozuka and colleagues (Kim and Shinozuka, 2003;
Shinozuka et al., 2004) have also performed preliminary studies of the effect of restrainers
and seat extenders on the bridge fragility using the same methodology. However, given that
the details provided indicate that only the vulnerability of the columns are considered, it is
unclear whether these curves or methodology capture the full impact of such retrofits.
Khan et al. (2005) have evaluated the fragility of a cable stayed bridge. Work by Cimel-
laro and Domaneschi (2006) has subsequently evaluated the seismic performance of a spe-
cific cable-stayed bridge over the Mississippi river with and without different passive con-
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Figure 2-19: Analytical fragility curve for a sample multi-frame concrete bridge with steel
jackets by Kim and Shinozuka (2004)
shear and moment in the piers and tension in the cables. While this study offered advances
by evaluating the impact of retrofit on multiple components, system fragilities were not
derived and the scope of the study was very focused. Thus a critical assessment of the
state-of-the art reveals that there is a significant body of work on fragility development to
build upon; however, neither the existing retrofitted bridge fragility curves nor methodol-
ogy for their generation are appropriate for CSUS retrofitted bridges.
2.3 Closure
A review of the current state-of-the-art has provided insight into the current practice and
research gaps relating to seismic evaluation of retrofitted bridges in the Central and South-
eastern United States. States in the CSUS are in the early stages of developing seismic
retrofit programs and assessing potential retrofit for deficient bridges. Due to limited funds,
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the resources allocated for bridge retrofit must be carefully spent, and guidance on appro-
priate retrofit measures for different classes of common bridges would be timely. The im-
pact of retrofit on seismic response, bridge vulnerability, and network performance could
support such retrofit decisions and investment in seismic upgrade of CSUS bridges. While
there are a number of different retrofit measures that are being considered or implemented
in the field, there have not been any systematic evaluations of various retrofit measures for
classes of bridges typical to the CSUS. Deterministic evaluation of CSUS bridges retrofit
with different measures would provide insight into the impact of retrofit on bridge compo-
nents’ responses and identification of likely critical components. This would enhance the
understanding of how various retrofit measures affect the seismic response of typical CSUS
bridges, which has not sufficiently been addressed to date.
Fragility curves for a range of retrofit measures applied to CSUS bridges currently do
not exist. Such curves would not only provide valuable information regarding the relative
vulnerability of as-built and retrofitted bridges and the effectiveness of different retrofit
measures, but they also would serve as key components for seismic risk assessments of
transportation networks. The methodologies that currently exist for developing retrofitted
bridge fragility curves are not appropriate for development of curves for the CSUS. Expert-
based methods have been identified as particularly limited in scope and responses, and
empirical methods are not an option because sufficient bridge damage data is not available
in the CSUS. The analytical methods that have been applied for development of retrofitted
bridge fragility curves have often focused solely on the vulnerability of the columns, and
have addressed limited sources of uncertainty. Therefore there is a need for development
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RETROFIT MEASURES FOR BRIDGES
3.1 Overview
Chapter 2 has revealed the need to assess the performance of typical CSUS bridges under
various retrofit measures. The impact of potential bridge retrofits on the performance of
typical CSUS type bridges will be evaluated in subsequent chapters to illustrate the effect
of retrofit strategies on the response of various bridge components. These results will
be the first comprehensive and systematic look at typical CSUS bridges and the effect
of different retrofit measures on the component responses. Chapter 2 presented common
retrofit measures that are being used or considered by states in the Central and Southeastern
US through a review of the current state-of-practice, as well as indicated in the literature to
be potentially viable measures for some bridge types that are common in the region. The
five retrofit measures that will be evaluated as a part of this study will be detailed below
including the overall objective, past experimental testing, typical details, and analytical
modeling. The models proposed will be used throughout the remainder of the work. The
retrofit measures include steel jackets, elastomeric isolation bearings, restrainer cables, seat
extenders, and shear keys.
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3.2 Retrofit Measures for CSUS Bridges
3.2.1 Steel Jackets
As indicated in Chapter 2, concrete columns may be encased in steel jackets to help over-
come typical CSUS column deficiencies. CSUS columns have been found to be particularly
vulnerable due to insufficient lap splices and inadequate transverse reinforcement, leading
to limited ductility capacity and low shear strength (DesRoches et al., 2000). Steel jacket-
ing has been used as a retrofit measure to enhance the flexural ductility, shear strength, or
performance of lap splices in reinforced concrete bridge columns. Extensive proof of con-
cept testing of steel jacketed bridge columns was performed at the University of California,
San Diego in the early 1990s, and Priestley et al. (1996) cite that several hundred bridges in
the US had been retrofit with this technology by 1996. A review of the state-of-practice in
the CSUS has revealed that this is the most common column retrofit in the CSUS, as well.
Figure 3-1 details a typical cross section of a circular column retrofit by a steel jacket,
and the full height configuration which is assumed for this study. The steel jackets are
typically A36 steel casings and a space of about 50.8 mm is provided at the ends of the
column to prevent the jacket from bearing on adjacent members. This serves to avoid
undesirable flexural strength enhancement in which larger shears and moments may be
transferred to the footings and cap beams under seismic loading (Priestley et al., 1996).
While the effect is not intended, experimental testing by Chai et al. has revealed that the
steel jacket increases column stiffness by approximately 10 to 15% for partial height (Chai
et al., 1991) and 20 to 40% for full height jackets (Priestley et al., 1996). This could
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undesirably impact the imposed forces and performance of other bridge components, and




















Figure 3-1: Typical steel jacket retrofit details: (a) full height, (b) typical section.
The steel jackets are designed according to theSeismic Retrofitting Manual for Highway
Structures(FHWA, 1995), which considers the increase in compressive strength and ulti-
mate strain in the concrete due to steel jacket confinement. The minimum recommended
shell thickness for steel jackets is 10 mm for handling of the shells during construction.
For the typical 91 cm diameter concrete columns found in many CSUS bridges (Nielson,
2005a), the minimum jacket thickness is adequate to provide for confinement of the lap
splices and enhanced flexural confinement, with a significant increase in ductility capacity
(ultimate curvature ductility demand of overµφ=30).
The steel jackets are modeled by altering the fiber section for the concrete column. In a
fiber model, composite sections are created with fibers representing the unique stress-strain
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relationships for the longitudinal steel reinforcement, unconfined concrete, and confined
concrete. Thus the concrete fibers now have enhanced compressive strength and ultimate
strain due to the confinement caused by jacketing. This effect is illustrated in Figure 3-2,
adapted from Priestley et al. (1996). The compressive strength of concrete,f ′cc, is esti-
mated from Chai et al. (1991) following









where f ′l is the radial confining stress in the steel jacket at yield given by
f ′l =
2 fy jt j
(D j − 2t j) (3.2)
and fy j is the yield stress of the jacket,D j is the jacket diameter, andt j is the jacket thick-
ness. The corresponding conservative estimate of ultimate concrete strain capacity,εcu,




D j f ′cc
(3.3)
where fys is the yield strength of the steel jacket andεsu is the ultimate strain of the steel
jacket, assumed as 0.10 for A36 steel.
In addition to the above modeling, the elastic modulus of the jacketed column section
is increased such that there is a 20 to 40% increase in stiff ess of the column based on
Priestley’s (Priestley et al., 1994a) test results of jacketed columns. In general, while the
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analytical model is slightly affected by the use of steel jacketing, the primary impact of the
retrofit is to increase the column ductility capacity.
Figure 3-2: Effect of confinement on concrete, adapted from Priestley et al. (1996).
3.2.2 Elastomeric Isolation Bearings
Elastomeric bearings (or laminated-rubber bearings) are a form of isolation bearings that
have been used in bridge and building construction for over 35 years (Stanton and Roeder,
1992), and have been used in some CSUS retrofit projects as noted in Chapter 2. The
general concept of isolation is to shift the natural period of the structure out of the region
of dominant earthquake energy, to increase the damping, and to limit the forces transferred
from the superstructure to the substructure (Wendichansky et al., 1995). It is often adopted
as a retrofit scheme because isolation systems tend to reduce the need for costly retrofit
of deficient pier and foundation elements. Koh and Kelly (1989) have identified these
elastomeric bearings as the simplest method of isolation, making them prime candidates
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for retrofit of typical CSUS bridges. Elastomeric bearings are composed of horizontal
layers of elastomer separated and reinforced by thin layers of steel (steel shims) as shown
in Figure 3-3.
Figure 3-3: Elastomeric bearing adapted from Priestley et al. (1996).
The elastomeric isolation bearings used in this study are designed by targeting an esti-
mated 2-3 times increase in the fundamental period of the bridge. The required isolation
stiffness is backed out following the methodology in theGuide Specifications for Seismic
Isolation Designby AASHTO (1999). Given an approximate target effective period,Te f f,
and weight,W, the desired effective stiffness of the bridge system was estimated solving
for Ke f f in





Subsequently, given the desired effective stiffness for the bridge system,Ke f f, the required
elastomeric bearing stiffness,ke f f, can be computed as recommended in theManualby
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Ke f f = Σ(
ksubke f f
ksub+ ke f f
) (3.5)
which essentially approximates the total stiffness by combining each isolator-substructure
unit as a series of springs and then summing the resultants in parallel to approximate a
single degree of freedom system. The elastomeric bearings selected for the retrofit target
the desired effective elastomeric bearing stiffness such that




where the shear modulus of a typical elastomer isG=0.69 MPa (Skinner et al., 1993),h is
the total height of the elastomer, andA is the plan area of the bearing assumed to be square
(Kelly, 1997).
Kelly (1998) showed that elastomeric bearings can be modeled bi-linearly and that the
equations for characterizing the elastomeric bearings are






(K1 − K2) (3.8)
whereQ is the characteristic strength,is the total height of elastomer,Dy is the yield dis-
placement, andK1 andK2 are the initial and secondary bearing stiffness. Assuming a yield
displacement of 10% of the total elastomer height and thatK1=3K2 based on characteristic
tests of laminated elastomeric rubber bearings (HITEC, 1998), the propertiesQ, K1, andK2
which define the bi-linear model may be calculated for each elastomeric bearing retrofit.
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The bearings used in the study have shape factors,S, that range from nearly 8 to 12 based





wherea andb are the bearing dimensional length and width (assumed the same for this
study), andtl is the layer thickness which is on the order of 6.3 mm.
Figure 3-4: Typical elastomeric bearing with keeper detail (Collaboration, 2005).
Keeper plates (keeper angles) have been found to be common details in isolation bear-
ings in the CSUS through a review of plans for retrofits performed in the region, and are
posed as a viable detail for elastomeric bearings (Collaboration, 2005). The elastomeric
bearing detail adopted for this study includes a keeper plate to restrict excessive transverse
displacements with a gap between the keeper plate and bearing (see Figure 3-4). This tends
to minimize any impacts or need for bi-directional dependence modeling of the bearings,
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which have been noted by past researchers (Fenves et al., 1998). The bi-linear model is
implemented inOpenSeesusing a uniaxialHardeningmaterial. The bearing exhibits sim-
ilar response in both the longitudinal and transverse directions because it is assumed to be
square, and hence the model shown in Figure 3-5(a) is used in both principle directions.
The keeper plate is modeled as a stiff element which yields at 270 kN, as approximated
from typical details, and hardens. The gap between the bearing in the transverse direction
before engaging the keeper may range from 6.4 mm to 19 mm, and is captured by the
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Figure 3-5: Analytical model for (a) elastomeric isolation bearings and (b) transverse
keeper plates.
3.2.3 Restrainer Cables
This study will evaluate restrainer cables as one potential device for unseating preven-
tion, which serves to limit relative hinge displacement and prevents collapse of a bridge
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span. They are often employed in bridges with insufficient seat widths (such as those in
the CSUS) between decks or between a deck and abutment. The use of restrainer cable
retrofits has been a common approach on the West Coast since the 1970s following the
1971 San Fernando earthquake, and has been found to be a relatively simple and inex-
pensive retrofit measure to reduce the vulnerability to unseating (Priestley et al., 1996).
Experience from previously installed retrofits in the Los Angeles area has shown that de-
spite some pull-through failure, most restrainer cables performed adequately in the 1994
Northridge earthquake (Cooper et al., 1994; Housner and Thiel, 1995), as did most of those
in the Oakland area in the 1989 Loma Prieta earthquake (Moehle et al., 1995).
The cable configuration considered for this study provides a connection between the
deck and abutment, as well as the deck and bent cap for the simply supported bridges.
There may be some variation in the geometric properties of the cables, though restrainer
cables are often designed as 19 mm diameter cables with an effective area of 143 sq. mm,
and a length between 1.52 m and 3.05 m. Due to ambient temperature conditions, the slack
may also vary between 0 mm and 19 mm, which could significantly effect the response
of the bridge (Saiidi et al., 1996). Testing by the California Department of Transportation
(Caltrans, 1997) has revealed that the elastic modulus of these high strength steel cables is
E=69000 MPa and that the yield force is approximatelyFy=174 kN, corresponding to a
stress of 1210 MPa. Figure 3-6 shows the test data for one typical restrainer cable.
As is commonly done in the CSUS, the restrainer cables in this study are designed such
that they can support W/2 of their adjacent span, a viable design technique that produces
similar results as other methods that require knowledge of local acceleration and site coef-
ficients according to Saiidi et al. (2001). For the continuous bridges, restrainers are only
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Figure 3-6: Load-deformation from Caltrans restrainer cable testing (Caltrans, 1997).
provided at the end of the continuous span between the abutment and girders, and hence
are designed to have an area sufficient to carry W/2 of the entire deck. The restrainer cables
are modeled as nonlinear, tension-only elements with an initial slack following the model
as shown in Figure 3-7. The strain hardening is considered negligible, and the plastic de-
formations accumulate.
3.2.4 Seat Extenders
Seat extenders are an alternate method of preventing unseating of spans by providing an
extended effective seat length, and have been found to be fairly common retrofits in the
CSUS. Hipley (1997) has deemed them the simplest and least expensive means of prevent-
ing unseating and allowing the superstructure to float over the substructure. Thus they will
also be evaluated as a part of this study. As a retrofit measure, seat extenders serve primarily
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Figure 3-7: Analytical model for restrainer cables.
due to unseating. They do not protect other bridge components from damage. Assuming
that the seat extender is designed to sustain the loading from the girders given excessive
deck displacement, this retrofit measure does not require unique analytical modeling; how-
ever, the effect of the seat extenders on the fragility of the bridge will be to increase the
limit state for collapse due to excess longitudinal displacement. Hence the impact of seat
extenders will be addressed in later chapters.
3.2.5 Shear Keys
Many of the retrofit measures indicated above that will be considered as a part of this
work primarily impact the response and vulnerability of a bridge in the longitudinal direc-
tion. However, typical CSUS bridges may also suffer damage due to excessive motion or
demands in the transverse direction. As such, the use of shear key retrofits will also be
evaluated, and have been identified in Chapter 2 as being present in a number of CSUS
bridges. The shear keys serve to restrain the deck motion when a bridge is excited in the
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transverse direction and facilitate shear force transfer to the substructure. These devices
are often concrete blocks provided at each bearing location. The assumed shear key design
for this study follows a shear friction approach and limits the shear forces transferred to the
substructure to less than half of the shear strength of the concrete columns, thus preventing
excessive column demands. The shear strength of a typical column considering the contri-
bution of the concrete and transverse reinforcement is approximately 950 kN. The design
shear strength of the shear keys based on the shear friction approach is
Vsk = φsµAs fy (3.10)
whereφs is the shear strength reduction factor,µ is the coefficient of friction taken as 1.4
for a natural crack, andAs is the total area of reinforcement crossing the face (Priestley
et al., 1996). The shear keys are presumed to have a geometry such that the each key will
behave in a shear mode rather than fail in flexure. The total required area of steel is dis-
tributed symmetrically in shear keys across the bent cap, where 774 mm2 of reinforcement
is provided per column in the bent. The shear keys are represented by a Coloumb friction
model as illustrated in Figure 3-8 with the reduction factor in Equation 3.10 omitted in the
assessment of lateral strength. An initial gap is provided before the shear key engages in
the transverse direction which may be on the order of 12.7 mm, and the initial stiffne s of
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Figure 3-8: Coloumb friction model for shear keys in transverse direction.
3.3 Closure
Six potentially viable retrofit measures for CSUS bridges have been identified in this chap-
ter. These measures target a number of different vulnerabilities of bridges common to
the region and improve the response of different bridge components. These retrofits mea-
sures were found in the review of the state-of-practice in Chapter 2 to be common retrofits
in CSUS projects, and typical details were identified. Findings from experimental tests
of retrofitted components, recommendations from past researchers, along with common
CSUS retrofit details were used to establish analytical models of the different retrofit mea-
sures. Potential uncertainties in the parameters defining these models will be further dis-
cussed in later chapters; however, the models presented form the basis for analytical assess-
ment and performance evaluation of typical CSUS bridges under various retrofit measures.
53
CHAPTER IV
DETERMINISTIC ANALYSIS OF RETROFITTED
BRIDGES
The impact of potential bridge retrofits on the performance of typical CSUS bridges is eval-
uated in this chapter to illustrate the effect of retrofit strategies on the response of various
bridge components. These results will be the first comprehensive and systematic look at
typical CSUS bridges and the eff ct of different retrofit measures on their components re-
sponses. This provides insight for decision makers on the impact of retrofit on the targeted
response, as well as other components of the bridge. The intention is to highlight the im-
proved or worsened component responses and serve as motivation for further evaluation of
bridge system vulnerability through probabilistic measures.
4.1 Typical Bridges
A detailed inventory analysis of the 163,433 bridges in the 11 states in the Central and
Southeastern US was performed by Nielson (2005a). The states included in the inven-
tory study were Alabama, Arkansas, Georgia, Illinois, Indiana, Kentucky, Mississippi,
Missouri, North Carolina, South Carolina, and Tennessee. Information presented in the
National Bridge Inventory (NBI) was considered in order to assign the bridges to typical
classes as listed in Table 4-1. Fragility curves for nine typical bridge classes which account
for roughly 90% of the inventory were then derived in his work. The findings revealed
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Table 4-1: CSUS Bridge Classes.
Bridge Type Abbreviation HAZUS Class
Multi-Span Continuous Concrete Girder MSC Concrete HWB10, HWB22
Multi-Span Continuous Steel Girder MSC Steel HWB15, HWB26
Multi-Span Continuous Slab MSC Slab HWB10, HWB22
Multi-Span Continuous Concrete Box Girder MSC Concrete-Box HWB10, HWB22
Multi-Span Simply Supported Concrete Girder MSSS Concrete HWB5, HWB17
Multi-Span Simply Supported Steel Girder MSSS Steel HWB12, HWB24
Multi-Span Simply Supported Slab MSSS Slab HWB5, HWB17
Multi-Span Simply Supported Concrete Box Girder MSSS Concrete-Box HWB5, HWB17
Single-Span Concrete Girder SS Concrete HWB3
Single-Span Steel Girder SS Steel HWB3
*boldface= bridge classes evaluated as a part of this study
that the MSC and MSSS steel girder bridges were among the most vulnerable to damage,
followed by the MSC and MSSS concrete girder bridges, particularly at the higher damage
states. These bridges are also among the most common classes of bridges found in the
CSUS inventory (see bold-face bridge classes in Table 4-2). While the single span steel
and concrete girder bridges account for a considerable percentage of the CSUS inventory,
these bridge classes were found to be the least vulnerable and hence are less likely candi-
dates for retrofit. As such, the four common and vulnerable classes of bridges (MSSS Steel,
MSSS Concrete, MSC Steel, MSC Concrete) will be the focus of the work in this study.
Retrofit of these classes of bridges will be evaluated and the results can then be assessed
for extrapolation to other less common bridge classes for future studies.
An example bridge using typical geometric configurations and details is evaluated for
each of the four bridge types. The details and geometry for the bridges are based on past
studies which have examined bridge plans from over 150 bridges and presented typical rep-
resentative configurations for MSSS and MSC steel and concrete girder bridges found in
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Table 4-2: CSUS Bridge Inventory.
Bridge Type Number Percentage
MSC Concrete 10,638 6.5%
MSC Steel 21,625 13.2%
MSC Slab 5,955 3.6%
MSC Concrete-Box 916 0.6%
MSSS Concrete 30,923 18.9%
MSSS Steel 18,477 11.3%
MSSS Slab 9,981 6.1%
MSSS Concrete-Box 4,909 3.0%
SS Concrete 22,793 13.9%
SS Steel 18,281 11.2%
Other 18,945 11.7%
Total 163,433 100%
*boldface= bridge classes evaluated as a part of this study
the CSUS (Choi, 2002; Nielson, 2005a). The bridges examined in this study have charac-
teristically non-seismic detailing, such as multi-column bents having approximately a 1%
longitudinal reinforcement ratio in the columns with widely spaced transverse ties provid-
ing limited confinement, and high-type steel fixed and expansion (rocker) bearings. A brief
overview of the typical bridge classes and an example geometry is presented in the follow-
ing subsection. The bridges are characteristically non-skewed bridges, as found by Nielson
(2005a) to be typical of the CSUS inventory, and are three-span bridges which was found
to be the most common number of spans. Further details can be found in Nielson (2005a).
4.1.1 MSSS Steel Girder Bridge
MSSS Steel girder bridges, as shown in Figure 4-1, account for 11.3% of the CSUS inven-
tory. The MSSS Steel girder bridge considered is a zero-skew, three-span concrete slab-on-
girder bridge with 15 m wide decks consisting of eight steel plate girders. The spans are
12.2, 24.4, and 12.2 m in length. Each bridge is supported on three column bents, having
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915 mm diameter circular columns that are 4.6 m tall, and seat type pile-bent abutments.
For this layout, 2.44 m square, 1.09 m thick footings with eight piles having no positive
connection are used, while the abutment utilizes ten driven vertical piles with a spacing
of 1.45 m on-center. The average gap between the deck and abutment backwall is 25.4
mm and is 38.1 mm between adjacent decks. This class of bridges has characteristically
seismically deficient bearings connecting the superstructure to the substructure, which are
high-type steel bearings. Figure 4-2 shows the typical geometric configuration of a MSSS
Steel girder bridge that is evaluated in this Chapter, while Figure 4-3 provides further illus-
tration of the typical details of the steel bearings and concrete members. A notable feature
is the 305 mm spacing between transverse reinforcement providing limited confinement in
the columns.
Figure 4-1: Example multi-span simply supported (MSSS) slab-on-steel girder bridge.
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24.4 m12.2 m 12.2 m
48.8 m
Figure 4-2: MSSS Steel girder bridge typical geometry.
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76.2 mm 76.2 mm
4 - # 16 bars
Column
Fixed Bearing Expansion Bearing
Figure 4-3: Steel fixed and expansion (rocker) bearings, and reinforced concrete column
and bent beam details.
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4.1.2 MSC Steel Girder Bridge
The photograph in Figure 4-4 shows a typical MSC Steel girder bridge found in Tennessee,
which is one of the most vulnerable classes of bridges found in the CSUS. The multi-
span continuous steel girder bridge has similar details as the MSSS Steel bridge, with like
substructure assemblies, including the bent beam, column, and abutments. The primary
distinction of this bridge type is the continuity of the deck provided over the bent beams.
While the same type of steel bearings are employed in the MSC Steel bridge, the arrange-
ment differs from the MSSS Steel bridge. As indicated in Figure 4-5, fixed bearings are
provided at each girder along the bent beams, and expansion bearings are provided at the
abutments. The span lengths, weights, and gaps, which are the primary diffe ences in the
representative bridges are listed in Table 4-3.
Figure 4-4: Example multi-span continuous (MSC) slab-on-steel girder bridge found in
Tennessee.
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30.3 m30.3 m 30.3 m
90.9 m
Figure 4-5: MSC Steel girder bridge typical geometry.
Table 4-3: Span properties for different bridge types.
Bridge Span Length (m) Weight (kN/m) Gap (mm)
MSSS Steel End Span 12.2 39 38.1
Mid Span 24.4 52 25.4
MSC Steel End Span 30.3 68.3 76.2
Mid Span 30.3 68.3 N/A
MSSS Concrete End Span 12.2 92.8 38.1
Mid Span 24.4 127.3 25.4
MSC Concrete End Span 12.2 92.8 38.1
Mid Span 24.4 127.3 N/A
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4.1.3 MSSS Concrete Girder Bridge
Figure 4-6 shows an example MSSS Concrete girder bridge found in South Carolina. The
multi-span simply supported concrete girder bridge examined in this study is also a three-
span bridge with fixed and expansion supports at the end of each span, yet the superstructure
is composed of a concrete deck supported by AASHTO-Type concrete girders. The typical
configuration for this bridge class is illustrated in Figure 4-7, with spans of 12.2, 24.4, and
12.2 m long like the MSSS Steel bridge. However, with eight AASHTO Type I prestressed
girders at the end spans and Type III girders at the midspan, the deck is heavier than the
steel bridge. The MSSS Concrete bridge utilizes elastomeric pads as bearings, which have
been found to be considerably less vulnerable than the steel bearings typically found in the
steel bridges (Nielson, 2005a). These bearings are assumed to have two 25.4 mm diam-
eter dowels with differing gaps before the dowels are engaged in the fixed and expansion
bearings. This bridge has a similar substructure to the previously detailed bridge classes,
where two multi-column bents and seat type abutments are utilized. A 2.4 m tall backwall
is assumed for the abutment along with ten piles and driven pile foundations.
4.1.4 MSC Concrete Girder Bridge
The typical geometry of the MSC Concrete girder bridge (Figure 4-8) is nearly identical to
the MSSS concrete girder bridge previously described, including the bearing configuration,
substructure, and span lengths. The average typical gaps between the abutments and deck
ends are still 38.1 m, however, the gaps between the three spans are eliminated by casting
of a concrete parapet between the deck and girders. This provision for continuity which
distinguishes the MSC Concrete bridge is detailed in Figure 4-9. This bridge is unique in
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Figure 4-6: Example multi-span simply supported (MSSS) concrete girder bridge found




















24.4 m12.2 m 12.2 m
48.8 m
General Elevation
Figure 4-7: MSSS Concrete girder bridge typical geometry.
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that it has the largest deck mass which would act in unison when excited by ground motion,
because of the continuous nature of the superstructure and larger mass of the concrete
girders.





Figure 4-9: Provision for continuity in the MSC Concrete girder bridge.
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Table 4-4: Deck Section Properties Adapted from Nielson (2005a).
Bridge Class Span E Iz I y Area Weight
(MPa) (m4) (m4) (m2) (kN/m)
MSSS Steel End Spans 2.00E+05 0.027 9.776 0.508 39.0
Mid Span 0.113 12.992 0.676 52.0
MSC Steel End Spans 2.00E+05 0.236 17.028 0.888 68.3
Mid Span 0.236 17.028 0.888 68.3
MSSS Concrete End Spans 2.78E+04 0.119 75.835 3.941 92.8
Mid Span 1.102 103.760 5.407 127.3
MSC Concrete End Spans 2.78E+04 0.119 75.835 3.941 92.8
Mid Span 1.102 103.760 5.407 127.3
4.2 Analytical Modeling
The analytical modeling approach used for the retrofit measures themselves was detailed in
Chapter 3. The intention of this section is to present a brief overview of the 3-dimensional
modeling of the bridge structure and components. The bridge modeling in OpenSees
(McKenna and Fenves, 2001) is performed consistent with Nielson’s findings on typical
bridge properties and modeling assumptions. Only general modeling approaches will be
presented, while further details can be found elsewhere (Nielson, 2005a). An example of
the modeling appraoch is presented in Figure 4-10 for the MSSS Steel bridge.
The composite slab and girders are modeled using linear elastic beam-column elements,
since the superstructure is expected to remain elastic during seismic excitation. The section
properties are presented in Table 4-4. Pounding between the decks or the deck and abutment
are captured in the model by use of a bi-linear contact element. The model follows the
recommendations of Muthukumar (2003) who proposed a hysteretic model to reflect the
energy dissipated during pounding.
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The high-type steel fixed and expansion bearings are modeled using non-linear transla-
tional springs in the longitudinal and transverse directions, based on tests of similar bear-
ings performed by Mander et al. (1996). The model is intended to capture the prying action,
rocking, and stiffness degradation observed in the tests. It is noted that the yield force of
the bearings is a function of the coefficient of friction due to debris and wear of the bearing.
The analytical models for the elastomeric pad and dowel utilized in the concrete bridges
is characterized by both the elastomer stiffness, sliding of the bearing, and stiffness and
yield of the steel dowels. Following the analytical modeling of Choi (2002) and Nielson
(2005a), the elastomeric pad is modeled bi-linearly and the steel dowels engage beyond
at longitudinal displacements 6.4 mm in the fixed bearings and 25.4 mm in the expansion
bearing.
The concrete bent beams are represented by rectangular fiber sections and beam-column
elements. The discretized fiber section permits the assignment of unique constitutive mod-
els for the confined, unconfined concrete, and steel reinforcement. In a similar fashion,
the concrete columns are modeled with circular fiber sections and beam-column elements.
The abutment model presented by Nielson (2005a) assimilates the findings of a number of
past studies (Caltrans, 1990, 1999; Maroney et al., 1994, 1993; Martin and Yan, 1995). For
the longitudinal model, the active (positive/t nsion) action of the abutment is dictated by
the pile stiffness, while in passive action, the contribution of the piles and passive pressure
of the soil against the abutment backwall are considered. The passive action reflecting the
soil contribution uses a quadrilinear model, and the pile stiffness degrading from its initial
stiffness before reaching its ultimate strength of 119 kN/pile. The pile contribution is the

























































































































































































































































































































































































































































The pile foundations are modeled with simplified linear translational and rotational
springs. The vertical and horizontal stiffness, and pile grouping, are considered in deriving
the aggregate horizontal and rotational pile group stiffnesses.
4.3 Ground Motions
In performing analytical evaluations of bridge performance or deriving analytical fragility
curves for regions with recorded strong ground motion, such as Japan, Greece, or Califor-
nia, earthquake ground motion records from past events have often been used, and in some
cases scaled to various levels of excitation when employed in an incremental dynamic anal-
ysis (Elnashai et al., 2004; Karim and Yamazaki, 2003; Mackie and Stojadinovic, 2003).
In regions of moderate seismicity, such as the Central and Southeast US, there may likely
be little or no available strong ground motion records, so synthetic ground motions are of-
ten adopted. Two synthetic suites of ground motions will be used throughout this study.
The ability of these suites to capture such inherent uncertainties as the earthquake source,
wave propagation, and soil conditions dictates the ability of the fragility curve development
procedure to propagate these aleatoric uncertainties.
4.3.1 Wen and Wu
Wen and Wu (2001) have simulated ground motions for three cities in Mid-America for
seismic performance assessment of structures, such that the median of the response spec-
tra for the suite matches the uniform hazard response spectra for 10% and 2% probability
of exceedance in 50 years. Ten ground motions for each hazard level were presented for
the cities of Memphis, TN; Carbondale, IL; and St. Louis, MO. Various magnitudes and
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source locations were considered in the construction of the uniform hazard response spec-
tra. The 10 ground motions representative of 2% in 50 year events in Memphis are used
in the deterministic retrofit evaluation presented in this chapter. Figure 4-11 shows the
acceleration response spectra for each ground motion in the suite along with a plot of the
mean and mean plus or minus one standard deviation response spectra. Later probabilistic
performance analyses of the bridges will also use 48 of the ground motions developed by
Wen and Wu, as detailed in Chapter 7.




























Figure 4-11: Response spectra for the 2% in 50 year Memphis ground motion suite used
in the deterministic analysis. Ground motion #5 is used to illustrate typical component
responses.
4.3.2 Rix and Fernandez
Rix and Fernandez (2004) developed a suite of scenario-based sythetic ground motions for
Memphis, TN that will also be used in later studies in this work. These scenario ground mo-
tions were developed based on stochastic methods, considering nonlinear site response, and
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the influence of the deep soil column of the Upper Mississippi Embayment. The simula-
tion was based on a stochastic method proposed by Boore (1983), and following the work
by Drosos (2003). Care was taken to capture uncertainties in the source, path, and site.
The ground motions used in this work employ the source model by Frankel et al. (1996).
Twenty ground motions were simulated for each of 11 different magnitude-distance pairs
with Mw=5.5, 6.5, 7.5 and R=10 km, 20 km, 50 km, 100 km. Forty-eight of the 220
ground motions were identified by Nielson (2005a) for use in the fragility analysis, and
will be discussed further in Chapter 7.
4.4 Deterministic Retrofit Evaluation
An example deterministic retrofit evaluation is performed herein for an example bridge
class–the MSC Steel bridge. Nonlinear time history analysis using detailed three-dimensional
models of the previously presented typical multi-span continuous steel girder bridge is used
to evaluate the effectiveness of various retrofit strategies. Restrainer cables, steel jackets,
shear keys, and elastomeric isolation bearings are assessed for their influence on the vari-
ability and peak longitudinal and transverse response of critical components in the bridge.
Following the detailed retrofit evaluation for this bridge class, a summary of the findings
is presented from similar evaluations for all four common classes of bridges under the
different retrofit strategies.
4.4.1 Example with MSC Steel Bridge
4.4.1.1 Typical Component Responses
In order to illustrate the impact of the retrofit measures on the performance of various com-
ponents in the bridge, typical nonlinear responses are shown for the as-built and retrofitted
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MSC steel girder bridges subjected to ground motion #5, which has a peak ground ac-
celeration of 0.47 g (see Figure 4-12). Note that the acceleration response spectrum for
this ground motion is highlighted in Figure 4-11. The ground motion is applied separately
along each of the principal orthogonal axes of the bridge to facilitate a comparison of how
the retrofits affect both longitudinal and transverse motion. This is for illustration purposes
of the responses. However, in the later fragility assessment, both orthogonal comonents of
the ground motion are applied simultaneously for dynamic excitation of the 3-d analytical
model.
Figure 4-12: Time history for ground motion used in deterministic analyses.
The typical MSC Steel bridge evalauted has a fundamental mode at a period of 0.44
seconds, characterized by longitudinal motion, with roughly 96% mass participation. The
second mode is predominately transverse action at a 0.31 second period. As indicated in
past studies and earthquake reconnaissance (Bruneau, 1998; Nielson and DesRoches, 2006;
Ranf et al., 2001), the ductility demands placed on the columns under earthquake loading
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could be expected to result in considerable damage to the columns in the form of cracking,
spalling, and lap splice failure. Figure 4-13 shows a plot of the moment-curvature response
at a base section of the left column in the MSC Steel bridge when loaded longitudinally
with this example ground motion. It is seen that through the use of elastomeric isolation
bearings, the peak curvature ductility demands reduce fromµ=2.7 toµ=0.6, and that with
restrainer cables the column curvature ductility demands reduce toµ=1.8. The steel jackets
tend to slightly reduce these demands (µ=2.4), but, more importantly, they considerably
increase the capacity of the columns.
The expansion bearing deformations are a direct result of the motion of the bridge
decks, and the relative displacement between the bridge decks and abutments in the MSC
Steel bridge. The longitudinal response of the steel rocker bearings in the MSC Steel girder
bridge are shown in Figure 4-14. The restrainer cables reduce the peak deformations from
103.3 mm to 80.4 mm for the case examined. The restrainers have yielded at this level,
thereby inhibiting their ability to more significantly reduce the bearing demands. It is noted
that the elastomeric isolation bearing at this location has a 115.5 mm deformation, though
this is an altogether different component. The rocker bearing transverse deformations are
initially 47.7 mm, which are considerably reduced by the shear keys to a level of 13.5
mm (see Figure 4-15). The elastomeric bearings that replace this bearing reaches a peak
deformation of 14.3 mm, which is limited by the keeper plate detail as shown in Figure
4-15 (c) and (d).
The fixed bearings also exhibit nonlinear behavior in the transverse direction for the
MSC Steel girder bridge, with deformations of 16.6 mm. Other than the elastomeric bear-
ings, which replace these steel fixed bearings, the primary retrofit measure that affects the
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Figure 4-13: Curvature ductility demands placed on the columns in the (a) as-built MSC
Steel bridge compared to the bridge retrofit with (b) elastomeric isolation bearings, (c)
restrainer cables, and (d) steel jackets.
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Figure 4-14: Expansion bearing deformations under longitudinal loading in the (a) as-built
MSC Steel bridge, (b) bridge retrofit with restrainers, as well as the (c) elastomeric bearing
at the same location (note scale).
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Figure 4-15: Transverse expansion bearing responses under transverse loading in the (a)
as-built MSC Steel bridge, (b) bridge retrofit with shear keys, as well as the (c) elastomeric
bearing at the same location with (d) its associated keeper plate.
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transverse response of the bridge is the use of shear keys, which reduce the deformations to
5.3 mm. It is noted that the shear keys engage at the locations of the expansion bearings and
that due to their gaps of 12.5 mm, have not actually engaged at the locations of the fixed
bearings. The transverse fixed bearing response with and without the shear key retrofit are
shown in Figure 4-16. In the longitudinal direction, the fixed bearings on the MSC Steel
bridge have minimal deformations, as the bridge deck, fixed bearings, and columns tends
to respond like a single degree of freedom system. The effect of retrofitting the columns
with steel jackets on the response of the fixed and expansion bearings is negligible for this
ground motion.






































Figure 4-16: Fixed bearing response in the transverse direction for the (a) as-built bridge
and (b) bridge retrofit with shear keys.
The deformations of the abutment in active action (tension), passive action (compres-
sion), and in the transverse direction are relatively low for the as-built MSC Steel bridge.
However, the use of elastomeric isolation bearing retrofit in the MSC bridge increases the
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passive deformations (compression) from 17.4 mm to 29.0 mm due to pounding, while the
restrainers reduce them to 1.0 mm (see Figure 4-17). Figure 4-18 illustrates that the initial
transverse deformations are 6.0 mm, yet they increase to 10.0 mm with shear keys and 34.0
mm with elastomeric bearings having the keeper plate detail. These results are intuitive
since both of these retrofits provide a means of transferring lateral loads to the abutment
in this direction. The steel jacket retrofit has relatively little impact on the response of this
component.



















































Figure 4-17: Longitudinal deformation of abutment for the (a) as-built MSC Steel bridge,
bridge retrofit with (b) elastomeric bearings, and (c) restrainer cables.
77

























































Figure 4-18: Force-deformation of right abutment in transverse direction: (a) as-built, (b)
elastomeric bearing retrofit, and (c) shear key retrofit.
4.4.1.2 Retrofit Impact for Suite of Ground Motions
Composite results of the peak component responses (bearing deformations, abutments de-
formations, column ductility demands) using the suite of 10 ground motions provide further
insight on the effect of retrofit on the response statistics for the MSC Steel bridge. Figure
4-19 provides box plots of the peak component responses for the bridge in its as-built condi-
tion, and retrofit with restrainer cables, steel jackets, elastomeric bearings, and shear keys.
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A box plot presents a visual summary of several key statistical quantities of the responses
and allows for comparison of how retrofitting the bridges affects the distribution of the peak
component responses (Wu and Hamada, 2000). The boundary of the box plots represents
the 25th and 75th percentiles of the peak component responses, while the whiskers plotted
above and below the box represent the 5th and 95th percentile with outliers indicated. A
black line is plotted in the box at the 50th percentile, or median value, and the dashed white
line indicates the mean of the peak responses for the suite of time history analyses.
The mean peak transverse deformations of the steel fixed and expansion bearings in the
MSC Steel bridge reach levels of potential damage, at 13.1 mm and 41.7 mm respectively.
At these levels, the shear keys become eff ctive in restricting transverse motion and reduc-
ing the bearing deformations. Toppling of the rocker bearings in the longitudinal direction
is a particular concern for this bridge type, since past studies (Nielson and DesRoches,
2006; Saadeghvaziri and Rashidi, 1998) have indicated potential instability at a level of 94
mm, which is exceeded on average for the suite of ground motions. While the restrainers
tend to reduce the deformation and variability in response, the mean peak deformations are
only decreased to 82.8 mm because the restrainers often yield at such levels. This indi-
cates that seat extenders may be a viable option to provide additional support length at the
abutments in the case that the deck falls off of the supporting bearings. Alternatively, the
use of elastomeric bearings is a feasible approach, since there is less potential for bearing
damage.
As seen in Figure 4-19, the demands placed on the columns of the MSC Steel girder
bridge are excessive, particularly in the longitudinal direction. The elastomeric bearings
effectively decrease the ductility demands to well belowµ=0.8, even at the 95th percentile,
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and reduce the variability in column demands. Additionally, the peak curvature ductility
demands placed on the columns retrofit with steel jackets are within an acceptable level,
ranging from roughlyµφ=1.6 toµφ=2.6 at the 5th and 95th percentiles, which are well be-
low the ultimate capacity estimated at overµφ=30. In passive action, the use of elastomeric
bearings increases the mean peak abutment deformations by nearly 64% from 16.0 mm
to 26.3 mm again a result of pounding between the continuous deck and the abutments.
The variability in response is also increased, with some responses exceeding 50 mm. The
passive deformations are actually decreased through the use of the restrainer cable retrofit.
The elastomeric bearings also increase the transverse deformations significantly to a mean
of 20.4 mm, and the shear keys nearly double the deformations to 9.0 mm. Both increases
can be attributed to the load transfer from the deck to the abutment through contact with
either the shear key or bearing keeper plate.
4.4.2 Summary for All Bridges
The component responses that are evaluated as a part of the deterministic performance
analysis are presented in Table 4-5, along with their abbreviations. The results of the deter-
ministic seismic performance evaluation for the MSSS Steel, MSC Steel, MSSS Concrete,
and MSC Concrete are summarized in Tables 4-6, 4-7, 4-8, and 4-9 respectively. These
tables indicate the initial level of component response from time history analysis using the
suite of Wen and Wu ground motions for the as-built bridge of each type. The impact of the
different retrofit measures on the component response is identified based on whether the re-
sponse was increased, decreased, or if the retrofit had a negligible effect. These summaries




Figure 4-19: Box plot of component responses for retrofitted MSC steel girder bridge.
(Note: The longitudinal Elastomeric Bearing (EB) deformations at the location of FB 1 are
not shown for scaling purposes but are the same as those plotted at EX 1.)
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Table 4-5: Abbreviations for Component Responses.
Component Response Abbreviation
Longitudinal Deformation of Expansion Bearing Exp-Long
Transverse Deformation of Expansion Bearing Exp-Tran
Longitudinal Deformation of Fixed Bearing Fb-Long
Transverse Deformation of Fixed Bearing Fb-Tran
Column Curvature Ductility Demands under Longitudinal Loading Col-Ductility-Long
Column Curvature Ductility Demands under Transverse Loading Col-Ductility-Tran
Abutment Active Deformations Ab-Act
Abutment Passive Deformations Ab-Pass
Transverse Deformation of Abutment Ab-Tran
response of each bridge type and their component response levels. It is noted, however, that
these results are for a specific uniform hazard level (2% in 50 years) using ground motions
developed for Memphis, TN.
Details on the seismic response of the retrofitted MSC Steel girder bridge were pre-
sented above in Section 4.4.1 and will not be revisited to avoid redundancy. However,
summaries of the other bridge types follow.
The MSSS Steel girder bridge tends to have relatively high demands placed on the
fixed and expansion bearings in the longitudinal direction and column demands indicative
of potential damage. Since the typical MSSS Steel girder bridge exhibits predominant
response and vulnerability in the longitudinal direction, the shear keys have little impact.
The steel jackets provide ample capacity improvement in the columns and significantly
reduce the likelihood for column damage in the MSSS Steel girder bridge, yet do not impact
the response of other vulnerable components, such as the bearings. The restrainer cables
reduce the rocker bearing deformations yet have little eff ct on the fixed bearings because of
the initial slack in the cables. The column demands are slightly reduced by use of the cables
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yet increase the active deformation of the abutments. The elastomeric bearings are highly
effective in reducing potential component damage, and offer a potentially viable retrofit
option. They considerably reduce the column demands by isolating the superstructure,
and diminish the likelihood for bearing damage by replacing the vulnerable steel bearings
with flexible isolation bearings. However, there are issues with increased pounding at the
abutments.
The MSC Concrete girder bridge is heavier than the steel bridge and has relatively large
deck displacements, bearing, and column demands. It is noted, however, that the bearings
used in this bridge are more flexible than the steel bearings and can sustain larger deforma-
tions before damage is expected to occur. The mean peak expansion bearing deformations
are reduced by roughly 20% with the restrainer cables and fixed bearings by only about
10%, because of the large inertial deck loads that tend to yield the restrainer cables and
limit their effectiveness. The fairly high transverse bearing deformations are considerably
reduced by use of the shear keys, yet this retrofit leads to an increase in abutment defor-
mations in the transverse direction. It is interesting to note that the use of steel jackets in
the MSC Concrete bridge slightly increases the transverse bearing deformations, which is
attributed to the redistribution of forces due to slight stiffening of the columns from jacket-
ing. Isolation of the superstructure by use of the elastomeric isolation bearings reduces the
active deformations of the abutments considerably, and the demands placed on the columns
(particularly in the longitudinal direction), yet still leads to an increase in the passive and
transverse abutment deformations.
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Table 4-6: MSSS Steel Retrofit Impact Summary.
Response Level Impact of Retrofit on Response
Restrainer Elastomeric Steel Shear
Component As-Built Cable Bearing Jacket Key
Exp-Long High - N/A = =
Exp-Tran Low = N/A = =
Fb-Long High = N/A = =
Fb-Tran Medium = N/A = =
Col-Ductility-Long Medium - - = =
Col-Ductility-Tran Medium = = = =
Ab-Act Low + - = =
Ab-Pass Low = + = =
Ab-Tran Low = + = =
* Increased (+), Reduced (-), Negligible impact (=)
Table 4-7: MSC Steel Retrofit Impact Summary.
Response Level Impact of Retrofit on Response
Restrainer Elastomeric Steel Shear
Component As-Built Cable Bearing Jacket Key
Exp-Long High - N/A = =
Exp-Tran High = N/A = -
Fb-Long Low = N/A = =
Fb-Tran Medium = N/A = -
Col-Ductility-Long High - - = =
Col-Ductility-Tran Medium = - - =
Ab-Act Low + = = =
Ab-Pass Medium = + = =
Ab-Tran Low = + = +
* Increased (+), Reduced (-), Negligible impact (=)
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Table 4-8: MSSS Concrete Retrofit Impact Summary.
Response Level Impact of Retrofit on Response
Restrainer Elastomeric Steel Shear
Component As-Built Cable Bearing Jacket Key
Exp-Long Medium - N/A = =
Exp-Tran High = N/A + -
Fb-Long Medium = N/A = =
Fb-Tran High = N/A = -
Col-Ductility-Long Medium + - - =
Col-Ductility-Tran Low = + - +
Ab-Act Low = - = =
Ab-Pass Low = + = =
Ab-Tran Low = + = =
* Increased (+), Reduced (-), Negligible impact (=)
Table 4-9: MSC Concrete Retrofit Impact Summary.
Response Level Impact of Retrofit on Response
Restrainer Elastomeric Steel Shear
Component As-Built Cable Bearing Jacket Key
Exp-Long Medium - N/A = =
Exp-Tran Medium = N/A + -
Fb-Long Medium = N/A = =
Fb-Tran Medium = N/A + -
Col-Ductility-Long Medium = - = =
Col-Ductility-Tran Medium = - = -
Ab-Act Low = - = =
Ab-Pass Low - + = =
Ab-Tran Low = + = +
* Increased (+), Reduced (-), Negligible impact (=)
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The MSSS Concrete girder bridge has particularly large deck and bearing displace-
ments when excited in the transverse direction. The shear keys are effectiv in reducing
these demands, yet result in transfer of forces to the columns and increase the column de-
mands when excited in the transverse direction. The primary impact of the steel jacket is to
increase the capacity of the columns, but for this bridge it actually leads to a slight increase
in the transverse expansion bearing deformation and reduced curvature ductility demands
on the columns themselves. The elastomeric isolation bearings do reduce the column de-
mands in the longitudinal direction, yet due to the keeper plate detail, increased loading
is actually transferred to the substructure when the earthquake has predominant motion in
the transverse direction. While the active abutment deformations are reduced, the passive
and transverse demands are increased. The restrainer cables have a slight impact on the re-
sponse of the MSSS Concrete girder bridge by reducing the expansion bearing deformation
in the longitudinal direction. However, the fixed bearing deformations are not significantly
impacted, and it is noted that the fixed bearings located at the abutment still tends to have
the largest deformations when the deck moves toward the abutment. The column support-
ing the left deck also has occasionally increased demands when the restrainer cables are
employed.
4.5 Closure
Four typical bridge classes, common to the Central and Southeastern United States and
found to have considerable vulnerability to earthquake damage, have been identified for
retrofit evaluation. These include the MSSS Steel, MSC Steel, MSSS Concrete, and MSC
Concrete girder bridges. Detailed three-dimensional analytical models were developed and
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presented as a part of this Chapter and will be used in further studies. It is noted that the
component models were validated against past test data in work by Nielson (2005a) and
that the retrofitted components were modeled with a similar level of fidelity as a part of this
work. Details on the retrofit measures evaluated can be found in Chapter 3.
This Chapter presented a deterministic evaluation of the impact of different retrofits on
the seismic response of typical bridges using a suite of uniform hazard ground motions for
the Memphis, TN region. The analyses highlighted the retrofits’ impact on the response
of various critical components within the bridge system. Traditional retrofit targets the im-
provement of individual components or response quantities, however may result in damage
to other components. For example the use of the elastomeric isolation bearings reduces the
column demands in the MSC Steel bridge, but increases the passive deformation demands
placed on the abutments. The deterministic analyses pose critical considerations that should
be made when adopting a retrofit strategy or designing a particular retrofit measure, such
as which other components may be affected, and also provide an enhanced understanding
of the seismic response of typical classes of retrofitted bridges. While valuable insights can
be gained from these deterministic evaluations, conclusions on the overall impact of retrofit
on the vulnerability of bridge classes are difficult to make. Probabilistic evaluation would
allow for a depiction of the uncertainty in the ability of the retrofitted bridge to achieve a
particular level of performance at a given seismic intensity level. The findings from this
study illustrate the importance of considering multiple component performance measures
when assessing and comparing retrofit strategies, and lend support to system-wide vulnera-
bility assessments which consider the contribution of multiple components when assessing
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SENSITIVITY OF RETROFITTED BRIDGES TO
MODELING PARAMETERS
A number of parameters that dictate the response of the 3-dimensional retrofitted bridges
must be specified in the analytical models. Such parameters include bearing stiffnes , con-
crete strength, deck-abutment gaps, incident angle of the earthquake, among others. Uncer-
tainties such as geometric, material, or component response parameters of representative
bridges in a portfolio likely exist due to structure-to-structure variation or variation over
time.
There have been a number of studies which have evaluated the sensitivity of the seismic
response of various components in bridges (such as bearing or column demands) to param-
eter variation through simplistic or robustly designed experiments (Jangid, 2004; Nielson
and DesRoches, 2006; Saiidi et al., 1996). However, there is still a lack of overall un-
derstanding of the significance of a number of parameters in general classes of retrofitted
bridges. A sensitivity study reveals how different levels of modeling parameters, in turn,
affect the seismic response of the retrofitted bridge. Moreover, analysts are challenged with
selecting a prudent level of uncertainty treatment while balancing the simulation and com-
putational effort. Knowledge of the significance of each modeling parameter will provide
insight as to whether its variation should be treated explicitly or may perhaps be neglected.
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5.1 Uncertainty in Modeling Parameters
A number of sources of uncertainty are present in the modeling and performance assess-
ment of portfolios of retrofitted bridges. Sources of uncertainty affecting structural per-
formance are often characterized as either aleatoric or epistemic in nature. Aleatoric un-
certainty refers to that which is inherently random, or stems from the unpredictable nature
of events, whereas epistemic uncertainty is that which is due to a lack of knowledge, and
stems from incomplete data, ignorance, or modeling assumptions. While the nature and
sources of uncertainty are not always self-evident, many analytical modeling parameters
can be attributed to a lack of knowledge of the actual bridge parameters (bearing stiff es ,
column height, etc.) and are epistemic in nature. Yet other parameters may stem from
aleatoric uncertainty, including the inherent variability in material properties, such as the
steel strength.
There are a number of analytical modeling parameters which are potentially variable in
portfolios of retrofitted bridges. These parameters may be attributed to material strength,
such as the yield strength of concrete or steel, which are the uncertain parameters that
are often considered in vulnerability assessments. Other modeling parameters define the
response of the bridge components, such as the stiffness of the bearings, coefficient of fric-
tion in the bearings, or stiffness of the foundations. Another group of uncertain modeling
parameters can be attributed to the geometry of the bridges which are not included in the
gross geometric properties such as the span length and column height. These additional
geometric variables include such parameters as the gap between the decks, or between the
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bridge deck and abutment. Each retrofit measure has a number of potentially variable pa-
rameters associated with it due to uncertainty in the retrofit design or realization of the
material properties or component response parameters. As an example, for a bridge retrofit
with restrainer cables, there is uncertainty in the yield strength of the restrainers, slack in
the cables, and length of the cables.
Nielson (2005a) has identified probabilistic models and likely ranges in the realized
values for approximately 14 modeling parameters associated with each class of as-built
bridges. In addition to these parameters, uncertainties which are associated with each
retrofit measure will be evaluated in this study. Details on the uncertainties associated with
each retrofit measure will be presented, while the modeling parameters associated with the
as-built structure can be found elsewhere (Nielson, 2005a).
5.1.1 Steel Jacket Modeling Parameters
As indicated in Chapter 3, past experimental tests have revealed that full height steel jack-
ets can lead to a stiffness increase of the columns ranging from 20 to 40% (Priestley et al.,
1996). With little further information on the probability distribution, a uniform distribu-
tion is assumed for the imposed additional column stiffness due to jacketing,K j ∼ U(20,
40)%. This assumption is made throughout the study when sufficient information on the
probability distribution is not available to roughly account for uncertainty in the param-
eter realization. The A36 steel jackets have a lognormal distribution for the jacket yield
strength based on the work by Hess et al. (2002) and Galambos and Ravindra (1978), with
parametersfy j (MPa)∼ LN(λ = 5.60, ζ = 0.078). The final uncertain parameter consid-
ered is the gap between the steel jacket and existing column. This gap variation affects the
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total diameter of the steel jacket, radial confining stress, and compressive strength of the
confined concrete, as shown in Equations 3.2 and 3.1 from Chapter 3. Typical designs have
gaps ranging from 12.7 to 25.4 mm (Priestley et al., 1996), and the parameter is assumed
to have a uniform distribution,Gapj ∼ U(12.7, 25.4) mm.
5.1.2 Elastomeric Isolation Bearing Modeling Parameters
The gap between the keeper plate and elastomeric bearing may vary from design to de-
sign, yet potentially have a large impact on the transverse response of the isolated bridge.
Based on a review of current practice, this gap tends to be on the order of 6.4 to 19.1 mm
and is modeled with a uniform distribution (Gapkeeper∼ U(6.4,19.1)mm). The stiffness
of the elastomeric bearing is influenced by temperature among other parameters, which
leads to a range of stiffness values that a given bearing may assume under field condi-
tions (Hwang et al., 2002). For example, data from the HITEC (1998) testing program has
revealed that for typical elastomeric bearings tested at low (-26◦C) and high (48.9 ◦C) tem-
peratures, the corresponding change in bearing stiffness is -9% and+23%. Coupled with
this is uncertainty in the actual bearing design dimensions which could in turn affect the
effective bearing stiffness,Ke f f−eb. Recalling that Stanton (1997) recommended that typi-
cal bridge isolation bearing shape factors range from 8 to 12, and to account for variation
due to temperature and field conditions, a uniformly distributed range of effective bearing
stiffnesses are assumed for each bridge class. TheKe f f−eb parameter models for the MSSS
Steel, MSC Steel, MSSS Concrete, and MSC Concrete bridges are U(420.3, 840.6)N/mm,
U(367.8, 648.0)N/mm, U(175.1, 245.2)N/mm, and U(157.6, 227.7)N/mm respectively.
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5.1.3 Restrainer Cable Modeling Parameters
The primary parameters which affect the performance of the restrainer cables are the cable
slack, length, and yield strength. Work by Saiidi et al. (1996) indicates that the extreme low
and high ambient temperatures may lead to restrainer cable slack between 0 and 19.1 mm,
which is modeled by a uniform distribution,S lack∼ U(0, 19.1)mm. A review of current
Central and Southeastern US practice has revealed that the typical restrainer cable lengths
are on the order of 1.52 m to 3.05 m (Lcab∼ U(1.52,3.05)m). Uncertainty in this geometric
property, in turn, affects the stiffness of the cable. It is presumed that the yield stress of the
high strength steel cable reported by Caltrans (1997) offycab=1214 MPa is the median value
and that the strength can be modeled by a lognormal distribution with a COV=0.10 (Hess
et al., 2002). This results in a probabilistic model offycab (MPa)∼ LN(λ = 7.10, ζ = 0.10).
5.1.4 Shear Key Modeling Parameters
Two uncertain parameters associated with the shear keys are considered. This includes
the yield strength of the reinforcement steel, which building upon past work is modeled
fys−sk (MPa)∼ LN(λ = 6.13, ζ = 0.08) (Nielson, 2005a). Variation in the reinforcement
steel strength of the shear key alters the force at which it is expected to yield when loaded
transversely. The final parameter considered is the uncertainty in the realized gap before
the shear key engages. Based on current practice (Yashinsky, 2006), the gap is considered
to range from 6.4 to 19.1 mm (Gapsk ∼ U(6.4,19.1)mm).
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5.2 Parameter Screening of Retrofitted Bridges
Since there are a considerable number of uncertain modeling parameters, a screening study
using design of experiments (DOE) principles is performed to assess which modeling pa-
rameters significantly affect component responses in each type of retrofitted bridge. The
primary objective of the study is to identify critical modeling parameters whose variabil-
ity has a significant impact on the seismic response of the bridge. A secondary benefit
of the study is enhanced understanding of how different levels of the parameters influence
the retrofitted bridge response. For example, how might using a longer restrainer cable af-
fect the peak bearing deformations? The retrofitted multi-span continuous concrete girder
bridge (MSC Concrete) is used as an example for the study, and a summary of the find-
ings for each bridge will be presented. Identified significant parameters will later be tested
in Chapter 7 to evaluate the impact of propagating these sources of uncertainty through
the fragility assessment. The responses considered in the study include the longitudinal
and transverse deformations of the fixed and expansion bearings, the curvature ductility
demands on the columns, and the passive, active, and transverse deformations of the abut-
ments. The study examines the significance of varying the modeling parameters over their
range of potential realizations for each of the eight critical bridge responses.
A two level fractional factorial design where no main effects are aliased with one an-
other is used for the experiment. The design pattern is generated with the aid of the statis-
tical analysis program JMP (SAS, 2004). For our study, this requires 32 runs with various
combinations of high and low levels of the bridge and retrofit parameters (factors). The
high and low levels are set to encompass a reasonable range that the random variable may
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assume based on its probabilistic model. For the experiments performed as a part of this
work, this results in resolution III or IV designs, as is typical for screening experiments.
An example of the screening design matrix for the MSC Concrete girder bridge retrofit
with shear keys is shown in Table 5-1. Table 5-2 lists the high and low levels for of the pa-
rameters considered in the screening studies of all retrofitted bridge classes. This includes
parameters associated with the existing bridge structures (Nielson, 2005a), as well as the
retrofitted parameters whose probabilistic models are detailed above in Section 5.1. The
5th and 95th percentiles of the lognormally distributed retrofitted parameters are taken to be
the lower (-) and upper (+) levels.
There are inherently heterogeneous qualities of bridges within a given class–most no-
tably the variation in macroscopic characteristics such as span length, column height, and
deck width. These gross geometric parameters are accounted for by the use of a blocking
scheme in which eight different base bridge geometries are treated as separate blocks in the
experiment. The blocks are intended to group the runs into homogeneous units and com-
pare the treatments within blocks, as well as examine the diff rences between the blocks
(Wu and Hamada, 2000). The eight base bridge geometries, or geometric samples, for each
bridge class were proposed by (Nielson, 2005a) based on an assessment of the distribution
of geometric properties and detailed CSUS inventory analysis. These geometric samples
are shown for each of the four bridge types in Table 5-3. It is noted that all of the bridges
examined in this study have three spans, which is the most commonly occurring number of
spans in the CSUS inventory.
Additionally, the experiment is replicated two times using a total of three diff rent earth-
quake time histories, resulting in 96 simulations for each retrofit type. Thus, we are trying
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Table 5-1: Example Design Matrix for MSC Concrete with Shear Keys.
Run Block Parameter Level
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15* 16*
1 8 - - - - - - - - - - - - - - - -
2 1 - - - - + + + + + + + + - - - -
3 1 - - - + - + + + + - - - + + + -
4 8 - - - + + - - - - + + + + + + -
5 5 - - + - - + + - - + + - + + - +
6 4 - - + - + - - + + - - + + + - +
7 4 - - + + - - - + + + + - - - + +
8 5 - - + + + + + - - - - + - - + +
9 3 - + - - - + - + - + - + + - + +
10 6 - + - - + - + - + - + - + - + +
11 6 - + - + - - + - + + - + - + - +
12 3 - + - + + + - + - - + - - + - +
13 2 - + + - - - + + - - + + - + + -
14 7 - + + - + + - - + + - - - + + -
15 7 - + + + - + - - + - + + + - - -
16 2 - + + + + - + + - + - - + - - -
17 2 + - - - - + - - + - + + - + + +
18 7 + - - - + - + + - + - - - + + +
19 7 + - - + - - + + - - + + + - - +
20 2 + - - + + + - - + + - - + - - +
21 3 + - + - - - + - + + - + + - + -
22 6 + - + - + + - + - - + - + - + -
23 6 + - + + - + - + - + - + - + - -
24 3 + - + + + - + - + - + - - + - -
25 5 + + - - - - - + + + + - + + - -
26 4 + + - - + + + - - - - + + + - -
27 4 + + - + - + + - - + + - - - + -
28 5 + + - + + - - + + - - + - - + -
29 8 + + + - - + + + + - - - - - - +
30 1 + + + - + - - - - + + + - - - +
31 1 + + + + - - - - - - - - + + + +
32 8 + + + + + + + + + + + + + + + +
*=retrofit parameter
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Table 5-2: Parameters in the Screening Study of Retrofitted Bridges.
Description Abbreviation Lower Upper Units
Level Level
Existing/As-Built Parameters
Concrete strength Conc Str 26.4 40.6 MPa
Steel strength Steel Str 438 555 MPa
Coefficient of friction for elastomeric pads Pad Frict 50 150 %
Initial stiffness of elastomeric pads Pad Stiff 50 150 %
Dowel strength Dowel Str 80 120 %
Gap at dowels for expansion bearing only Dowel Gap 0 50.8 mm
Coefficient of friction for steel expansion bearing Exp Frict 50 150 %
Coefficient of friction for steel fixed bearing Fxd Frict 50 150 %
Initial stiffness of steel fixed bearing Fxd Stiff 80 120 %
Initial stiffness of passive abutment Ab-Pas Stf 50 150 %
Initial Stiffness of active abutment Ab-Act Stf 50 150 %
Rotational stiffness of foundations Fnd-Rot Stf 50 150 %
Translational stiffness of foundations Fnd-Hor Stf 50 150 %
Mass Mass 90 110 %
Damping ratio Damp Ratio 0.02 0.08 ratio
Gap between abutments and decks (MSSS Concrete) Abut Gap 36 40 mm
Gap between abutments and decks (MSSS Steel) Abut Gap 28 48 mm
Gap between abutments and decks (MSC Conc & Steel) Abut Gap 37 116 mm
Gap between adjacent decks (MSSS Concrete) Deck Gap 20 31 mm
Gap between adjacent decks (MSSS Steel) Hinge Gap 18 33 mm
Loading direction (Long or Trans) Load Dir L T
Steel Jacket Parameters
Yield strength of jacket Jacket Str 237.9 307.5 MPa
Gap between column and jacket Jacket Gap 12.7 25.4 mm
Stiffness increase due to jacket Jacket Stiff 20 40 %
Elastomeric Isolation Bearing Parameters
Gap to keeper plate Keeper Gap 6.4 19.1 mm
Elastomeric bearing stiffness (MSSS Steel) Elasto Stf 420.3 840.6 N/mm
Elastomeric bearing stiffness (MSC Steel) Elasto Stf 367.8 648.0 N/mm
Elastomeric bearing stiffness (MSSS Concrete) Elasto Stf 175.1 245.2 N/mm
Elastomeric bearing stiffness (MSC Concrete) Elasto Stf 157.6 227.7 N/mm
Restrainer Cable Parameters
Yield strength of cable Cable Str 149.5 207.5 MPa
Slack in restrainer cable Slack Cab 0 19.1 MPa
Restrainer cable length Length Cab 1.52 3.05 m
Shear Key Parameters
Shear key steel reinforcement strength SK Reinf Str 438.5 555.7 MPa
Gap to shear key Gap to SK 6.4 19.1 mm
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Table 5-3: Geometric Bridge Samples for Each Bridge Class from Nielson (2005a).
Bridge Spans Max Span Length Deck Width Column Height
No. (m) (m) (m)
MSSS Steel Girder Bridge
1 3 18.30 8.70 5.10
2 3 20.40 8.00 3.62
3 3 15.50 4.90 5.95
4 3 13.70 10.50 4.02
5 3 25.60 29.70 3.54
6 3 7.30 5.50 3.90
7 3 8.80 7.40 4.26
8 3 10.40 12.80 6.62
MSC Steel Girder Bridge
1 3 13.40 13.00 3.72
2 3 39.00 12.90 3.49
3 3 25.10 10.20 3.93
4 3 29.90 14.50 5.42
5 3 18.20 20.10 4.20
6 3 19.80 5.50 5.76
7 3 22.30 10.30 4.08
8 3 40.80 7.90 6.74
MSSS Concrete Girder Bridge
1 3 7.60 8.20 4.43
2 3 9.10 7.50 3.34
3 3 10.70 12.60 3.74
4 3 20.10 8.60 4.00
5 3 13.40 10.40 4.23
6 3 9.40 9.20 6.01
7 3 12.20 18.60 6.06
8 3 27.40 6.60 3.88
MSC Concrete Girder Bridge
1 3 39.60 21.20 4.00
2 3 22.60 12.80 3.93
3 3 18.90 10.80 6.29
4 3 21.00 8.00 3.19
5 3 26.20 13.10 4.20
6 3 10.40 14.10 3.64
7 3 14.50 8.70 4.46
8 3 15.20 9.80 5.93
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to reduce the impact of a single ground motion’s characteristics such as peak ground accel-
eration, frequency content, or strong motion duration on the response. The records used in
this sensitivity study are the same records selected by Nielson and DesRoches (2006) for
evaluation of as-built bridge sensitivity. These are three synthetic ground motion records
that were developed for Memphis, TN by Rix and Fernandez (2004), with magnitudes of
5.5, 6.5 and 7.5 and epicentral distances of 10 km, 10 km and 20 km respectively. The
peak ground accelerations are 0.217g, 0.484g and 0.646g and durations are 8.06, 13.45 and
25.09 seconds. It is noted that loading direction itself is also considered as a potentially
variable parameter, and the sensitivity study evaluates if bridge response is significantly
impacted by loading the bridge in the longitudinal or transverse direction.
A run of the experiment consists of performing a nonlinear time history analysis in
OpenSeesof the bridge sample generated with the above specified parameter levels (treat-
ments) for a defined input ground motion. Since this is an analytical experiment, random-
ization and repetition are not necessary. The eight different peak component responses are
monitored in each run in order to facilitate statistical analysis of the importance of each
modeling parameter.
A separate analysis of variance (ANOVA) is performed to evaluate the sensitivity of
each component response to variation in the modeling parameters. Through this analysis
of variance, a null hypothesis is tested which states that the coeffi ient of regression for
the multiple linear regression model of our experiment is zero (or the effect of varying the
parameter is insignificant). In this assessmentp− valuesare computed in order to interpret
the results of the hypothesis test. Ap− valueis defined as the probability of rejecting the
null hypothesis, or the probability that the variation between conditions occurred by chance
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(Wu and Hamada, 2000). The formulation for calculation of ANOVA tables including
p − valuescan be found in most statistical analysis texts (Hines et al., 2003), and the
general form of an ANOVA table for a fractional factorial design with blocking is presented
in Nielson (2005a). Smallerp − valuesindicate stronger evidence for rejecting the null
hypothesis (higher statistical significance). For this study, parameters with ap− v lueless
than a cut-off of α=0.05 are considered significant.
5.2.1 Example with MSSS Concrete Bridge
The results of the sensitivity study for the multi-span simply supported concrete girder
bridge with the four different retrofit measures having uncertain modeling parameters is
detailed below. This is intended to provide insight on the screening of modeling parameters
for a single class of bridges, while the composite results for all bridge types will follow.
5.2.1.1 Steel Jackets
Thep−valuesfrom an ANOVA of the MSSS Concrete bridge retrofit with Steel Jackets are
presented in Table 5-4. Boldface values indicate that the modeling parameter has a signifi-
cant effect (p− value< α=0.05) on the component response of interest. Those parameters
that have a significant effect on at least three responses are shown above the horizontal
line, and are identified as themostsignificant modeling parameters. Boldface modeling
parameters are those which are associated with the retrofit measure. The significance of the
blocking (difference in base bridge geometry) is also indicated at the bottom of the Table.
For this particular bridge type, the gap between the steel jacket and column was found to be
the most significant of the modeling parameters associated with the retrofit itself. As one
would intuitively expect, loading in the transverse or longitudinal direction significantly
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Table 5-4: P-Values for MSSS Concrete with Steel Jackets.
Parameter P-Value
Ab-Act Ab-Pass Ab-Tran Ductility Exp-Long Exp-Tran Fb-Long Fb-Tran
Load Dir 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Jacket Gap 0.000 0.320 0.000 0.554 0.011 0.736 0.002 0.762
Ab-Act Stf 0.000 0.269 0.000 0.594 0.093 0.741 0.024 0.772
Dowel Str 0.008 0.802 0.004 0.677 0.899 0.625 0.858 0.495
Pad Frict 0.626 0.593 0.569 0.082 0.098 0.008 0.064 0.006
Mass 0.132 0.118 0.000 0.671 0.893 0.036 0.975 0.110
Ab-Pas Stf 0.017 0.015 0.634 0.373 0.968 0.937 0.980 0.763
Fnd-Rot Stf 0.101 0.549 0.000 0.016 0.937 0.636 0.998 0.706
Jacket Str 0.016 0.350 0.026 0.751 0.248 0.626 0.319 0.495
Damp Ratio 0.192 0.365 0.000 0.064 0.307 0.059 0.283 0.186
Conc Str 0.219 0.692 0.002 0.264 0.471 0.630 0.620 0.710
Pad Stiff 0.432 0.358 0.001 0.205 0.277 0.308 0.276 0.194
Dowel Gap 0.004 0.970 0.791 0.529 0.209 0.591 0.301 0.685
Steel Str 0.699 0.680 0.830 0.016 0.465 0.681 0.299 0.644
Jackt Stiff 0.029 0.477 0.655 0.505 0.600 0.805 0.344 0.866
Fnd-hor Stf 0.515 0.897 0.258 0.751 0.864 0.566 0.919 0.748
Abut Gap 0.217 0.866 0.053 0.305 0.680 0.583 0.823 0.782
Hinge Gap 0.184 0.962 0.062 0.786 0.409 0.675 0.488 0.636
Block 0.000 0.002 0.000 0.000 0.001 0.048 0.001 0.009
affects the response of most bridge components, as does the blocking. It is interesting to
note that the parameters that are found to be the most significant in this screening study
(other than the one retrofit parameter), are the same as those that Nielson (2005a) identified
for the as-built bridge. This can be explained by the fact that the MSSS Concrete bridge
responds very similarly with and without the steel jackets, as illustrated in Chapter 4. This
retrofit measure primarily affects the column capacity.
5.2.1.2 Elastomeric Bearings
When elastomeric isolation bearings are used to replace the existing bearings, any param-
eters associated with the elastomeric pads are eliminated. Thus this experiment has the
fewest number of parameters to examine, and the responses monitored are limited. While
several parameters affect at least one component response, such as the damping for column
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Table 5-5: P-Values for MSSS Concrete with Elastomeric Bearings.
Parameter P-Value
Ab-Act Ab-Pass Ab-Tran Ductility EB-Long EB-Tran
Load Dir 0.000 0.000 0.000 0.000 0.000 0.076
Keeper Gap 0.995 0.958 0.030 0.032 0.000 0.869
Ab-Act Stf 0.000 0.781 0.000 0.096 0.391 0.934
Abut Gap 0.000 0.486 0.789 0.001 0.891 0.564
Conc Str 0.956 0.928 0.721 0.444 0.973 0.000
Steel Str 0.956 0.797 0.488 0.000 0.784 0.392
Fnd-Rot Stf 0.927 0.926 0.167 0.155 0.593 0.000
Mass 0.664 0.527 0.149 0.102 0.458 0.000
Elasto Stf 0.079 0.919 0.707 0.075 0.746 0.000
Damp Ratio 0.561 0.619 0.241 0.001 0.504 0.668
Ab-Pas Stf 0.396 0.340 0.502 0.198 0.899 0.767
Fnd-hor Stf 0.646 0.895 0.559 0.692 0.845 0.244
Block 0.000 0.002 0.001 0.000 1.000 0.000
demands, mass for transverse bearing deformations, or abutment gap for the active abut-
ment deformations and column demands, only one parameter other than the loading and
blocking is significant for at least three responses. This is the gap between the keeper plate
and elastomeric bearing, as shown in Table 5-5.
5.2.1.3 Restrainer Cables
Table 5-6 shows thep − valuescalculated in the ANOVA of the MSSS Concrete bridge
retrofit with Restrainer Cables. As found with the other retrofits and as-built bridge, varia-
tion in the loading direction, abutment active stiffness, and blocking are significant consid-
erations. The slack in the restrainer cables has a considerable influence on the response of
the abutments and bearings in the longitudinal direction. Though variation in the other re-
strainer parameters do not affect the components, further evidence is revealed in the study
that the restrainers considerably alter the seismic response of the as-built bridge system.
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Table 5-6: P-Values for MSSS Concrete with Restrainer Cables.
Parameter P-Value
Ab-Act Ab-Pass Ab-Tran Ductility Exp-Long Exp-Tran Fb-Long Fb-Tran
Load Dir 0.000 0.000 0.000 0.000 0.000 0.065 0.000 0.065
Ab-Act Stf 0.000 0.014 0.000 0.001 0.002 0.406 0.000 0.402
Slack Cab 0.000 0.113 0.000 0.131 0.030 0.405 0.002 0.402
Pad Stiff 0.898 0.001 0.595 0.004 0.023 0.574 0.047 0.579
Fnd-Rot Stf 0.148 0.072 0.000 0.011 0.027 0.495 0.230 0.476
Damp Ratio 0.040 0.065 0.033 0.018 0.008 0.159 0.083 0.173
Pad Frict 0.642 0.012 0.890 0.060 0.002 0.252 0.004 0.252
Conc Str 0.108 0.010 0.001 0.141 0.048 0.124 0.030 0.135
Mass 0.284 0.667 0.001 0.006 0.347 0.183 0.422 0.171
Ab-Pas Stf 0.002 0.048 0.230 0.794 0.984 0.186 0.135 0.187
Dowel Gap 0.000 0.082 0.363 0.872 0.767 0.485 0.168 0.491
Steel Str 0.939 0.143 0.262 0.000 0.658 0.586 0.544 0.563
Abut Gap 0.117 0.282 0.012 0.359 0.843 0.417 0.608 0.438
Dowel Str 0.328 0.552 0.929 0.160 0.407 0.166 0.028 0.163
Hinge Gap 0.037 0.356 0.066 0.486 0.498 0.515 0.976 0.538
Fnd-hor Stf 0.575 0.347 0.058 0.633 0.427 0.241 0.348 0.223
Cable Str 0.270 0.747 0.837 0.490 0.950 0.163 0.207 0.160
Length Cab 0.5673 0.8688 0.2273 0.573 0.6913 0.5192 0.8789 0.5139
Block 0.000 0.000 0.000 0.000 0.000 0.470 0.000 0.470
This is illustrated by the fact that new parameters are now found to be significant in affect-
ing the response, including the bearing pad stiffness, rotational stiffness of the foundation,
damping ratio, bearing pad friction, and concrete strength.
5.2.1.4 Shear Keys
The final retrofit measure which affects the analytical modeling of the MSSS Concrete
bridge is the use of shear keys, which has two potentially variable modeling parameters. It
is noted that with the shear keys installed, which considerably alter the transverse response
of the bridge, a number of modeling parameters are now found to significantly impact
the transverse component responses, such as the transverse fixed and expansion bearing
deformations. The gap to the shear key are found to have a significant effec on these
transverse bearing deformations. While variation in the shear key modeling parameters are
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Table 5-7: P-Values for MSSS Concrete with Shear Keys.
Parameter P-Value
Ab-Act Ab-Pass Ab-Tran Ductility Exp-Long Exp-Tran Fb-Long Fb-Tran
Load Dir 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fnd-Rot Stf 0.468 0.001 0.231 0.010 0.009 0.079 0.098 0.100
Mass 0.971 0.482 0.017 0.797 0.962 0.003 0.804 0.002
Steel Str 0.339 0.267 0.325 0.015 0.954 0.026 0.596 0.032
Pad Frict 0.080 0.379 0.535 0.969 0.042 0.054 0.046 0.044
Ab-Act Stf 0.000 0.305 0.000 0.502 0.105 0.774 0.110 0.820
Pad Stiff 0.369 0.147 0.881 0.523 0.452 0.002 0.181 0.002
Gap to SK 0.530 0.397 0.234 0.462 0.703 0.006 0.892 0.008
Abut Gap 0.893 0.745 0.433 0.650 0.684 0.009 0.803 0.013
Damp Ratio 0.068 0.026 0.282 0.001 0.179 0.972 0.438 0.994
Dowel Str 0.503 0.821 0.571 0.722 0.338 0.028 0.174 0.033
Ab-Pas Stf 0.301 0.016 0.806 0.316 0.742 0.109 0.410 0.126
Dowel Gap 0.195 0.174 0.474 0.519 0.375 0.191 0.934 0.306
Fnd-hor Stf 0.730 0.243 0.373 0.449 0.471 0.975 0.978 0.803
Conc Str 0.467 0.510 0.416 0.227 0.447 0.351 0.451 0.287
Hinge Gap 0.368 0.892 0.266 0.349 0.326 0.964 0.379 0.779
SK Reinf St 0.286 0.094 0.795 0.101 0.672 0.361 0.311 0.403
Block 0.499 0.000 0.234 0.000 0.001 0.010 0.006 0.007
not found to be among the most significant parameters, a number of other parameters aff ct
the response of at least three responses. These are indicated in Table 5-7.
5.2.1.5 Comparison of Select Main Effects
The ANOVA provided a robust approach for evaluating the significance of varying un-
certain modeling parameters and screening important parameters. Another approach for
assessing the sensitivity of the bridge response quantities to the various parameters is to
analyze the main effects of the factors considered. In general terms, the main effects are
computed by
ME(B) = y(B+) − y(B−) (5.1)
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whereME(B) denotes the main effect of parameterB, y(B+) is the mean of they responses
when parameterB is at its high level, andy(B−) is the mean of they responses whenB is
at its low level. In order to visually screen those parameters which significantly affect the
responses, we can examine the main effects plots. The values ofy(B+) andy(B−) are plot-
ted on the y-axis, withB+ andB− on the x-axis. For rapid parameter screening, the main
effects plots with the steepest slopes indicate the most significant parameters influencing a
given response. The primary reason for presenting some select main effects plots is not to
be redundant in parameter screening, but to provide further insight as to how varying pa-
rameters influences the bridge response. The main effects plots indicate whether the high
or low value of a modeling parameter tends to increase or decrease the response quantity
of interest.
A sample set of main effects plots are shown in Figure 5-1 that compare the impacts
of varying select modeling parameters on the column curvature ductility demands and the
expansion bearing deformations in the longitudinal direction for the MSSS Concrete girder
bridge. The main effects are shown for the as-built bridge and retrofit with steel jackets,
restrainer cables, elastomeric bearings, and shear keys in order to examine the difference
in modeling parameter significance. When the MSSS Concrete bridge is loaded in the
transverse direction (+) for all of the retrofitted bridges except the elastomeric bearings, the
column ductility demands tend to be larger. When retrofit with steel jackets, the column
demands tend to be more sensitive to variation in the loading direction than for the other
retrofits. Figure 5-1 indicates that the column demands are not as sensitive to the variation
in mass as they are to loading direction. However, the bridge retrofit with restrainer cables
is most sensitive to this potential change in realized mass.
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The main effects plots in Figure 5-1(c) reveal that the sensitivity of the expansion bear-
ing deformations in the different retrofitted bridges to abutment active stiffness does not
vary much from one retrofit type to another. This is indicated by a fairly consistent slope,
despite the change in the magnitude of deformation demands. Figure 5-1(d) illustrates the
impact that the retrofits have on the as-built bridge response and sensitivity to parameter
variation. For example, the elastomeric bearings are no longer sensitive to variation in
the hinge gap (deck-to-deck gap), and the use of restrainers change the trend in expansion
bearing response for given high and low levels of gap relative to the as-built bridge.
5.2.2 Summary for All Bridges
Table 5-8 summarizes the findings of the ANOVA for each retrofitted bridge type. Any
modeling parameter which significantly affects at least three component responses for the
given retrofitted bridge is shown in the table. Interpretation of the ANOVA tables presented
by Nielson (2005a) permits the most significant parameters for the bridge in its as-built con-
dition to be presented for comparison. The sensitivity to blocking is not listed in the table,
as it is not truly a factor, or modeling parameter, from the DOE. However, the results of the
study reveal that for every bridge type and retrofit measure, the blocking effect is signifi-
cant. Thus the difference in gross geometric properties of the bridges has a considerable
impact on the bridge response, as one might expect. Additionally, the difference in loading
the bridge primarily in the longitudinal or transverse direction has a significant impact on
the response of the bridge, regardless of bridge or retrofit type. Other bridge modeling






























































































































Figure 5-1: Main effects plots revealing how variation in modeling parameters affects the
(a,b) column demands or (c,b) longitudinal expansion bearing deformations in the as-built
and retrofitted MSSS Concrete bridge.
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active stiffness of the abutments, the deck-abutment gaps (particularly for the continuous
bridges), followed by the damping ratio.
For many of the retrofitted bridges, the list of most significant parameters tends to in-
clude one parameter associated with the retrofit measure itself. For a given retrofit measure,
the important modeling parameter is not necessarily consistent from bridge type to bridge
type. For example, when looking at restrainer cable retrofits, it is found that for the MSSS
Steel bridge the length of the restrainer cable is important, while for the MSC Steel and
MSSS Concrete bridges the slack in the cable is most significant. In some cases, the find-
ings from the screening study reveal the considerable change in seismic response of the
as-built and retrofitted bridge, because of the stark difference in modeling parameters that
are important in influencing the response. The MSSS Concrete bridge retrofit with re-
strainer cables has six more significant parameters than the as-built of its type; while the
number of significant parameters in the MSC Steel bridge reduces from four to two when
the elastomeric bearings are used.
5.3 Closure
This Chapter highlighted a number of potential uncertainties in the modeling parameters
associated with common classes of retrofitted bridges. Probabilistic models for potentially
variable retrofit parameters stemming from design, material, or geometric uncertainties
were established based on a review of current retrofit practice, experimental studies, and
past work.
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Table 5-8: Most Significant Parameters from Screening Study of each Retrofitted Bridge
Type.
Most Significant Parameters
As-Built Restrainer Cable Elastomeric Bearing Steel Jacket Shear Key
MSSS Steel
Load Dir Load Dir Load Dir Load Dir Load Dir
Damp Ratio Ab-Act Stf Elasto Stf Ab-Act Stf Damp Ratio
Fxd Stiff Length Cab Fnd-Rot Stf Damp Ratio Fxd Frict
Fxd Frict Damp Ratio Keeper Gap Jackt Stiff Ab-Act Stf
Mass Mass
Ab-Act Stf Hinge Gap
MSC Steel
Load Dir Load Dir Load Dir Load Dir Load Dir
Abut Gap Abut Gap Ab-Act Stf Jacket Gap Abut Gap
Ab-Act Stf Slack Cab Abut Gap Gap to SK
Fxd Stiff Fxd Frict Ab-Act Stf Ab-Act Stf
Ab-Act Stf
MSSS Concrete
Load Dir Load Dir Load Dir Load Dir Load Dir
Ab-Act Stf Ab-Act Stf Ab-Act Stf Jacket Gap Fnd-Rot Stf
Slack Cab Elasto Stf Ab-Act Stf Mass
Pad Stiff Fnd-Rot Stf Steel Str





Load Dir Load Dir Load Dir Load Dir Load Dir
Ab-Act Stf Ab-Act Stf Keeper Gap Ab-Act Stf Ab-Act Stf
Abut Gap Damp Ratio Abut Gap Abut Gap
Abut Gap
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The screening study presented utilizes design of experiments principles to identify
which modeling parameters significantly impact the seismic response of a number of dif-
ferent component responses in retrofitted bridges. The results of the study provide insight
on the potentially uncertain modeling parameters that most significantly affect the seismic
response of the retrofitted systems, which to date has not been thoroughly assessed. In
addition to loading direction and blocking scheme (gross geometry), the most important
parameters include those associated with the bridge itself (abutment stiff e s, damping ra-
tio, mass) as well as parameters associated with each retrofit measure (restrainer length,
elastomeric bearing stiffness, steel jacket stiffness). However, the most significant model-
ing parameters varied from bridge type and retrofit measure employed.
In general, some of the modeling parameters which were consistently insignificant in-
clude the dowel strength, gap at the dowels, and coeffici nt of friction for the steel ex-
pansion bearings, the initial stiffness of the abutments in passive action, the translational
stiffness of the foundations, the yield strength of the steel jackets, and the yield strength
of the restrainer cables. The variation in these parameters over their identified range was
not found to have a statistically significant impact on the component responses, and there-
fore may not be of a concern for future studies. Efforts may be better spent in defining or
characterizing the significant modeling parameters identified as a part of this work.
While these results indicate which uncertain parameters affect the seismic response of
the retrofitted bridge, the propagation of these sources of uncertainty and influence on the
fragility estimates are yet to be determined. Their influence on the seismic fragility curves




RELATIONSHIPS FOR REFINEMENT OF LIMIT
STATE CAPACITIES AND DAMAGE STATE
DEFINITIONS
Previous chapters have revealed that the potential seismic response of as-built and retrofitted
bridges can be examined through high-fidelity analytical modeling and time history anal-
ysis. Through careful treatment of uncertainty and computational simulation, the seismic
demand and propagation of sources of uncertainty can be assessed. As indicated in Chap-
ter 2, this is one of the critical stages of a fragility analysis for bridge structures. However,
an assessment of the capacity of various components is essential in assessing the overall
potential for exceeding different limit states, or being in a given damage state.
These damage states are often related to performance objectives for the structure, and
Ellingwood and Wen (2005) indicate the need for these objectives to be related to economic
losses or opportunity losses for some systems. Key objectives for bridges, as critical nodes
in the transportation network, are their states of functionality following an event. Thus,
appropriate damage states for bridges may be defined such that the component damage for
each damage state is indicative of a level of bridge functionality.
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The limit states, or structural capacities,C, for estimating bridge fragility are quan-
titative measures of bridge or component performance, and should have a relation to the
functionality or overall operation and performance of the bridge, referred to here as the
damage state. These limit states should be mappable to the level of response or demand
(D) placed on the structure, often referred to as an engineering demand parameter (EDP),
in order to facilitate evaluation of the fragility as expressed in 6.1.
Fragility = P [D ≥ C] (6.1)
Traditionally, researchers have considered the demand placed on a single bridge com-
ponent, such as the columns, using engineering demand parameters of drift or column duc-
tility (Hwang et al., 2000; Shinozuka et al., 2000). As analytical methods for evaluation of
the bridge fragility are maturing, the contribution of other vulnerable components (ie. bear-
ings, abutments) to the bridge fragility have been recognized and considered (Choi et al.,
2004), as will be an essential part of this work. However, it is critical that the limit states for
different components have a similar meaning in terms of the overall bridge performance,
expressed as its functionality. The challenge is to assess, for example, the limit states that
result in slight damage to the columns and slight damage to the bearings affecting the per-
formance of the bridge in an analogous way. One approach for doing so is to scale the
component limit states such that their achievement has an equivalent meaning in terms of
the impact on bridge functionality resulting from inspection and closure decisions. These
functionally consistent limit states may be derived through evaluation of judgmental data
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to assess the limits that bridge inspectors and officials place on damage before the function-
ality is expected to be affected. This can only be achieved with an enhanced understanding
of the relationships between bridge damage and functionality.
Hence, the objective of this chapter is to develop bridge damage-functionality relation-
ships. This information is intended to be used for refinement of limit state capacities in
fragility analysis, such that they have functional consistency, and to provide definitions of
damage states for bridges which are indicative of meaningful performance objectives for
bridges (traffic carrying capacity and anticipated restoration of functionality). As seismic
risk assessment is becoming a more prevalent approach for estimating the potential im-
pact of an earthquake event on an affected region, both information on bridge vulnerability
and expected functionality are essential. One of the critical data needs is the relationship
between extent of damage to a bridge and the resulting loss-of-functionality.
6.1 Previous Studies and Approaches
Functionality is often a result of closure decisions made by post-earthquake inspectors, as
well as the procedures for repair of the bridge. While there has been limited previous re-
search in the area, relationships between bridge damage and functionality provide essential
data for various components of the seismic risk assessment framework. Such relationships
are essential for modeling potential decisions of bridge inspectors following an event and
the anticipated allowable traffic carrying capacity of bridges and roadways, as well as for
refining the limit states for bridge fragility curve development such that these limit states
for different components have a similar implication in terms of overall bridge system func-
tionality and allowable traffic carrying capacity.
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Currently, very little information linking bridge damage and subsequent functionality
exists. These relationships may be developed through assimilation of empirical data from
past earthquake events; however this information is limited even in regions of high seismic-
ity, such as parts of the West Coast, and is altogether lacking for the Central and Southeast-
ern United States (CSUS) region. Analytical approaches to developing these relationships
have been investigated for bridges that are typical in California (Mackie and Stojadinovic,
2006), and are more prescriptive in the fact that they serve to indicate the available load
carrying capacity of the bridge. While this is valuable information, the intent of this re-
search is to capture the anticipated decisions by inspectors that would be expected to aff ct
the traffic carrying capacity, and to investigate damage to various components of typical
CSUS bridges.
An alternate approach to gathering information relating bridge damage to functionality
is the use of expert opinion. The FEMA funded ATC-13 project recognized the need for
this data in California and attempted to gather data on loss of function and restoration time
for lifeline facilities (ATC, 1985). The survey participants were queried as to the number
of days elapsed before restoring 30%, 60%, and 100% functionality for a given damage
state. Although there were only four respondents to the bridge survey, HAZUS uses this
data to provide discrete and continuous curve fits to the ATC-13 responses (FEMA, 2005).
Hwang et al. (2000) performed an initial study on bridge repair sequencing and downtime
in Mid-America through a survey of DOT and consulting engineers. They presented four
descriptive damage states for a continuous multi-span concrete girder bridge supported on
multi-column bents and reported potential repair strategies, estimated percent replacement
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costs, and stepwise functionality restoration curves. Their expert opinion survey received
nine responses and indicated the need for follow up investigation.
6.2 Survey Methodology
The advantage of the expert opinion method for developing bridge damage-functionality re-
lationships is its ability to capture the subjective nature of bridge functionality and closure
decisions. While significant uncertainty exists in the closure and repair decisions follow-
ing an earthquake event, eliciting the opinions of those who will be called upon to make
those subjective decisions helps to most appropriately model potential decision making and
estimate allowable levels of bridge traffic carrying capacity. Targeting respondents in the
region of interest (Central and Southeastern US) provides results indicative of the regional
dependence of the relationships. For the above stated reasons, the expert opinion method
has been adopted for this study. This research addresses the need for development of re-
lationships between bridge damage and functionality by use of a web-based survey which
elicits expert opinion data on the expected levels of allowable traffic carrying capacity and
repair measures for various types and levels of bridge damage.
6.2.1 Web-Based Survey Design
The survey has been devised considering the technical language and approach common
to CSUS inspectors, using recommended principles for web survey development by re-
searchers in the field, and through iteration in coordination with officials from the Central
US Earthquake Consortium (CUSEC) Transportation Task Force. Key considerations in-
cluded, but are not limited to, the following:
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• Using visuals to relate bridge damage descriptions to physical and meaningful events
• Balancing the need for comprehensive data collection with reasonable survey re-
sponse length
• Careful utilization of the capabilities of internet technologies and web survey formats
such that convenience, understanding, and response accuracy are maximized
Dillman has performed extensive research in the field of survey development, expert
opinion solicitation, and web survey design. Many of the findings from Dillman and
Smyth’s research and the principles recommended for construction of web surveys have
been implemented. Some examples include eff ctive use of fonts, spacing, and grouping;
providing instructions on necessary computer actions; and allowing respondents to skip
questions and allowing them to answer out of order (Dillman et al., 1998; Smyth et al.,
2004). In general, implementation of these among other principles has helped to produce a
more respondent-friendly web survey regarding bridge damage-functionality.
Post-earthquake inspection manuals from CSUS DOTs, namely theIndiana Handbook
for the Post-Earthquake Safety Evaluation of Bridges and Roads(INDOT, 2000) and the
Missouri Post Incident Bridge Inspection Training Manual(MODOT, 2004) were reviewed
for consistent terminology and organization of the survey. The component damage ques-
tions were posed in the same sequence as a bridge inspector is instructed to evaluate a
bridge and using similar quantitative and visual descriptions as are presented in inspection
training and field guides. The clarity and comprehensibility of instructions and question
format were refined with CUSEC members input, and the length of the survey was revised
to achieve an anticipated increased level of response.
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6.2.2 Responses Elicited
The web-based survey queried DOT officials and consulting engineers as to the expected
level of traffic carrying capacity of a bridge over time, given a level of bridge component
damage. Multi-span continuous and multi-span simply supported bridges were addressed
and the results are expected to be extracted to single span bridges through consideration
of the appropriate components. Damage considered includes the approach and abutments,
superstructure/bearings, columns in single and multi-column bents, and footings. For each
component, various levels of damage were presented in quantitative or qualitative terms,
and photos from past earthquake damage that correspond with the given level of damage
were offered as an illustrative example. The respondents were asked to provide the expected
traffic carrying capacity at time 0, 1, 3, 7, and 30 days following an event that may result
from closure decisions, traffic restrictions, repair and restoration. The respondents were
also asked to select a potential repair measure that would be executed for the given level of
component damage. A screen shot from the web-based survey is shown in Figure 6-1(a),
with an example of a completed table for one section of the survey (Figure 6-1(b)).
As with previous expert opinion surveys, the respondents were asked to assume a given
set of conditions. The assumptions for this response data are as follows:
• Assume the typical post-disaster level of funding and resources are available for re-
pair.
• Consider current best practices for repair procedures.





Figure 6-1: Web-based damage-functionality survey screen capture of (a) survey with
hyperlink opened for examples from past earthquake events, and (b) sample responses of
expected level of allowable traffic carrying capacity.
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6.3 Results of Web-Based Survey
A contact person was identified at nine Central and Southeastern US DOTs and asked to
distribute the survey to 3-5 persons in the bridge engineering, maintenance, and opera-
tions departments. Two consultants that were identified as close collaborators in post event
inspection and repair were also included. Twenty-eight respondents from nine states in
the CSUS region participated in the web-survey. The states represented include Arkansas,
Georgia, Illinois, Indiana, Kentucky, Mississippi, Missouri, South Carolina, and Tennessee.
While the overall response rate may not be directly computed because the exact number of
total recipients is unknown, an estimate is determined based on knowledge of the response
rate from a subset of the sample. For a two states, the number of recipients were known
and compared to the number of respondents, indicating that the response rate for the survey
is on the order of 75%.
6.3.1 Probable Allowable Traffic Carrying Capacity
The results of the bridge damage-functionality survey may be presented in the form of
functionality probability matrices (FPM). The matrices directly represent the results of the
survey and provide the percent of respondents that indicate a given level of component
damage would result in a specific level of allowable traffic carrying capacity over time:
P[X = x|Dg = dg∩ T = t] (6.2)
whereX is the allowable traffic carrying capacity,Dg is the level of damage to the compo-
nent of interest, andT is the time following the earthquake event. Examples of the FPMs
are listed in Table 6-1 for settlement of the approach at the approach/abutment interface,
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transverse offset of the deck at the expansion joint, and column damage in a single column
bent. The survey results in the form of FMPs for the other types and levels of damage are
presented in Appendix A.
As evidenced by Table 6-1, the trends parallel what one might deduce from intuitive
reasoning. Increased damage to a component often leads to a higher probability of reduced
functionality, and the probability for full (100%) capacity increases over time. In general,
the results showed that the variance in responses decreased over time for the lower levels
of damage and increased over time for the higher levels of damage. This indicates that for
a larger level of component damage, there is more uncertainty in the expected level of al-
lowable traffic carrying capacity of the bridge as time progresses following the event, while
for smaller levels of damage the uncertainty in capacity is at its highest level immediately









































































































































































































































































































































































































































































































































































































































































































































6.3.2 Damage State Definititions and Probability of Exceedance
One application of the results of the damage-functionality survey is in quantifying the prob-
ability of having a given anticipated restoration function, or capacity over time. In essence,
the restoration functions themselves become definitions of various damage states, where,
for example, slight damage corresponds to a particular restoration. The definitions of dam-
age states for slight, moderate, extensive, and complete damage used in this analysis are
those types and levels of damage that correspond to the step-wise restorations shown in
Figure 6-2. For example, slight damage indicates damage resulting in capacity reduced
to 50% following the earthquake event, yet fully restored in approximately 1 day. This
might often be likened to limited visible damage which may be inspected but requires no
closure of the bridge. Complete damage, however, refers to damage leading to closure of
the bridge, and still having 0% capacity 30 days after the event. The probability of having a
capacity that is less than or equal to the damage state definition for a given type and level of
damage can then be assessed through analysis of the damage-functionality survey results.
This results in an assessment of whether or not the damage state definitions were exceeded,
by evaluating the functionality over time. These damage state exceedance probabilities are
found as the probability of an intersection of events along the restoration timeline, as shown
in Equation 6.3






whereDS is the damage state,dsi is the damage state of interest,Dg is the level of compo-
nent damage,dg is the realization of that component damage expressed as a range of values
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for our data set,XT is the allowable traffic carrying capacity at timet, where t= {0,1,3,7,30}
days, andxt,i is the definition of capacity at timet for damage statei. For example, this
conditional probability would be expressed as shown in Equation 6.4 for moderate damage
given transverse offset at the expansion joints of 0-1 in.
P[DS ≥ Moderate|Dg = 0− 1in]
= P[Xt=0 ≤ 0%∩ Xt=1 ≤ 50%∩ Xt=3 ≤ 50%∩ Xt=7 ≤ 100%∩ Xt=30 ≤ 100%] (6.4)
Figure 6-2: Step-wise restorations functions for slight through complete damage.
Analysis of the twenty-eight survey responses allows for an estimation of the probabil-
ity of meeting or exceeding a given damage state, where the intersection of events expressed
in Equation 6.3 is evaluated for each survey respondent in order to assess the damage state
exceedance probability. Example conditional probabilities for the potential of meeting or
exceeding a damage state as defined in Figure 6-2, given a level of damage to the bridge, are
123
shown in Table 6-2. Appendix A (Table A-2) contains the set of damage state exceedance
probabilities for the remaining types of damage investigated in the survey. These condi-
tional damage state probabilities represent the cumulative distributions over the levels of
damage investigated. The results of this analysis offer a critical link between the level of
damage to bridge components and the damage states defined in terms of allowable traffic
carrying capacity. In deriving the exceedance probabilities, an assumption is made that the
survey responses reflect the expected post-earthquake decisions affecting bridge function-
ality. The author acknowledges that other social, political, or economic factors may indeed
impact the restoration as well. For example, such issues as the availability and allocation
of resources, pressure to more rapidly restore routes in various neighborhoods or near crit-
ical facilities, or the ability of organizations to mobilize after an event are all examples of
additional external factors affecting the functional restoration of bridges. However, these
results provide excellent insight on the relative limits that inspectors place on the capacity
of bridge components and the anticipated functionality. The application of these damage
state exceedance probabilities for evaluating and refining component capacity limit states
are discussed below.
6.4 Refinement of Limit States and Damage State Defini-
tions
The survey data collected and analyzed above relating bridge damage to functionality is
used to refine the limit state capacities for various bridge components evaluated as a part
of the fragility analysis. The aim is to derive limit states that have functional consistency
among components, and that are related to meaningful performance objectives for bridges.
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Table 6-2: Damage State Exceedance Probabilities for Different Levels and Types of Dam-
age.
Settlement of Approach at Approach/Abutment Interface
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.286 0.036 0.036 0.036
1-6 in 0.889 0.148 0.000 0.000
≥6 in 1.000 0.464 0.214 0.071
Transverse Offset at Expansion Joint
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.321 0.036 0.000 0.000
1-6 in 0.750 0.429 0.214 0.107
≥6 in 0.929 0.714 0.536 0.464
Damage to Column (Single Column Bent)
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
Cracking 0.519 0.185 0.148 0.148
Spalling 0.929 0.607 0.286 0.250
Rebar buckle/fracture /pullout 0.964 0.929 0.786 0.750
This measure of performance is an anticipated level of traffic carrying capacity, including
such subjective decision making as inspection decisions and recommendations for closure,
repair, and restoration as captured by the survey. It is recognized that the use of such data
introduces subjectivity into the assessment of structural capacity, along with significant
uncertainty; however, this type of approach attempts to model what may actually occur
following an event and the impacts of human decisions regarding closure and repair.
It is apparent that the damage state exceedance probabilities derived above are synony-
mous with the percentiles of the cumulative distributions for the capacity limit states (slight
through complete) at various levels of damage to components. However, some mapping is
necessary between quantitative or qualitative damage descriptions presented in the survey
and analytically measurable quantities. For example, the transverse offset at the expansion
joint may be mapped by either monitoring the transverse offset as the engineering demand
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parameter, or the deformation of the bearings at the expansion joint. However, some map-
ping is more abstract, as in the case with the columns, where the survey data and percentiles
of the cumulative distribution function correspond to cracking, spalling, and bar buckling.
The mapping of such physical phenomena to engineering demand parameters is dependent
upon the seismic detailing, geometry, and parameters specific to the bridge of interest, and
may be strengthened through assessment of empirical data from experimental testing of
similar components, as discussed by Mackie (2004).
Mapping between the survey damage levels and EDPs evaluated as a part of this work
may be found in Nielson (2005a). The limit state capacities are derived by Nielson using
the exceedance probabilities presented above in a Bayesian updating process. So called
prescriptive, or physics based limit states, were identified based on the constitutive models
for the components. For example, at a steel fixed bearing deformation of 6 mm, cracking
in the concrete pier became evident (Mander et al., 1996), hence the prescriptive limit for
slight damage was placed at this level. The new knowledge acquired from the Damage-
Functionality survey provided as a part of this work offer descriptive limits based on judge-
ment. The probability distributions for the capacity limit states were then updated through
a Bayesian approach to incorporate this new information regarding the limit state distribu-
tions. Details may be found elsewhere (Nielson, 2005a), and an example of the updated
capacity distribution of curvature ductility demand for moderate damage to the columns
is shown in Figure 6-3. The resulting capacity limit states will be presented in Chapter 7,
along with the assessment of limits placed on retrofitted components.
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Physics
Figure 6-3: Update of capacity limit states for column (Nielson, 2005a).
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CHAPTER VII
RETROFITTED BRIDGE FRAGILITY CURVE
DEVELOPMENT
7.1 Introduction
This chapter synthesizes the work from previous sections. Included is the proposed method-
ology and resulting fragility curves for classes of retrofitted bridges in the Central and
Southeastern US. The approach, however, is extendible to other bridge types and retrofit
measures. The retrofit measures identified in Chapters 2 and 3, as well as the 3-d analytical
models (Chapter 4), are used in the time history analysis for the vulnerability assessment.
In addition, the results of the probabilistic modeling and parameter screening from Chapter
5 are used in the simulation for estimating the demand and fragility estimate. This chapter
will include a focused study on the sensitivity of the fragility estimate to various levels
of uncertainty treatment, building upon the previous screening study. The limit state ca-
pacities presented in this chapter will incorporate the findings of the damage-functionality
survey and refined damage state definitions from Chapter 6.
The following sections detail the analytical methodology for developing retrofitted
bridge fragility curves, as well as some of the research challenges and insights that can
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be gained at various stages of their development. The effect of retrofit on demand mod-
els, capacities, component fragilities, and ultimately on bridge system fragility is assessed.
Proposed retrofitted bridge fragility curves will be presented at the end of the Chapter.
7.2 Ground Motions
As indicated in Section 4.3, two different suites of ground motions will be used in the
generation of probabilistic seismic demand models and fragility estimation of 48 ground
motions from Wen and Wu (2001) and 48 ground motions from Rix and Fernandez (2004).
These ground motions were identified by Nielson (2005a), consisting of a range ofPGA
andSa values and representative of CSUS ground motion characteristics. Forty-eight were
selected because of the ease of use with the 8 bridge samples used in the study. The mean
response spectra of the Wen and Wu and the Rix and Fernandez ground motion suite are
shown in Figure 7-1. Some of the differences in these are attributed of the different soil
profiles for locations considered in deriving the ground motion suites, the source models
used, and the fact that the Rix and Fernandez are deterministic, while the Wen and Wu
are probabilistic. The response spectra shown in Figure 7-1 actually represent the spec-
tral accelerations for the geometric mean of ground motion pairs. Because the fragility
analysis as a part of this work considers 3-d response, it is necessary to simulate the time
history analyses with orthogonal ground motion components. The suites of ground motions
used as a part of this work are simulated suites of orthogonal ground motion components
developed by Nielson (2005a) for the seed Wen and Wu and the Rix and Fernandez mo-
tions. The procedure for generating the ground motion components from the original suites
of geometric mean motions can be found elsewhere, and follows the work by Baker and
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Cornell (2006) for simulating response spectra for orthogonal components, then spectrally
matching the seed motion, and tapering the duration to the original motion using a cosine
window following Rix and Fernandez (2004).
A composite suite of the synthetic ground motions from Wen and Wu and Rix and
Fernandez are used for the fragility analysis. By using both suites of ground motions,
the uncertainty captured and modeled by the fragility includes epistemic uncertainty in
different ground motion modeling approaches. Additionally, these researchers produced the
ground motion suites with an effort to capture various sources of uncertainty in the source,
path, and site characteristics which are then propagated through the fragility analysis. The
ground motion uncertainty reflected in the fragilities also includes the unknown incident
angle of the earthquake, recalling that this was identified in Chapter 5 as a parameter which
could significantly affect the structural response. Figure 7-2 illustrates the simultaneous
application of orthogonal ground motion components, as well as the variable incident angle
of the earthquake which is considered in the fragility development.
7.3 Probabilistic Seismic Demand Models
A probabilistic seismic demand model (PSDM) offers the relationship between ground
motion intensity and demand (or a response measure of demand) specific to the class of
structure evaluated. This is a common approach for describing the demand placed on the
structure, or structural components, particularly when fragility assessment is performed
through analytical methods using nonlinear time history analysis. The development of PS-
DMs for this methodology includes simulation of suites of analytical bridge models reflect-
ing various sources of uncertainty affecting the demand placed on the retrofitted bridge, and
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Figure 7-1: Mean response spectra for suites of 48 ground motions from (a) Wen and Wu






Figure 7-2: Loading direction and orthogonal ground motion components for time history
analysis (Nielson, 2005a).
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potential realizations of the analytical modeling parameters. The simulation for this study
uses the 3-d modeling approach detailed in Chapters 3 and 4, and samples upon the uncer-
tain modeling parameters identified in Chapter 5 as most significantly affecting the bridge
response. Latin hypercube sampling is used to augment the base bridge models by sam-
pling upon the various significant modeling parameters to generateN s atistically different
yet nominally identical bridge samples. For each bridge type, eight different base bridge
geometries (previously presented) are used to reflect variation in gross geometric proper-
ties. Bridge model-ground motion pairs are subjected to nonlinear time history analysis
and peak component responses are monitored for various critical components. While other
works have often monitored only column demands, the component demands considered as
a part of this study include column curvature ductility demands, longitudinal fixed bearing
deformations, transverse fixed bearing deformations, longitudinal expansion bearing defor-
mations, transverse expansion bearing deformations, active abutment deformations, passive







Work by Cornell et al. (2002) has suggested that an estimate of the median of the




wherea andb are the unknown coefficients andIM is the ground motion intensity. As
indicated in Chapter 2, transforming this relationship into lognormal space simplifies the
parameter estimation to a linear regression following Equation 7.3.
ln SD = b · ln IM + ln a (7.3)
Figure 7-3 illustrates this regression in transformed space. From this regression an estimate
of the median of the demand,SD, is obtained as well as the variation of the demand about
this quantity. The demand can be probabilistically modeled with a lognormal distribution
(Mackie and Stojadinovic, 2005; Shinozuka et al., 2000); thus in the transformed space
the residual is modeled by a normal distribution with mean zero and standard deviation,
σ. This permits an estimate of the conditional dispersion of the demand, or lognormal
standard deviation,βD|IM . The choice of intensity measure for bridge fragilities has been
investigated by various researchers (Hwang et al., 2000; Mackie and Stojadinovic, 2001;
Nielson, 2005a). However, this study will use peak ground acceleration, PGA, as the in-
tensity measure for developing PSDMs and retrofitted bridge fragility curves. Work by
Nielson (2005a) and follow up study by the author have evaluated and compared IMs for
classes of CSUS bridges and found PGA to be an appropriate choice based on the crite-
ria of practicality, efficiency, sufficiency, and hazard computability. This IM will facilitate
incorporation of the fragilities developed herein into regional risk assessment packages.
Each key component demand is represented by a probabilistic seismic demand model.







ln(S ) = ln(a)+ b*ln(IM)d
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Figure 7-3: PSDM illustration in lognormal space.
as indicated above. Hence, the form of the PSDM relating the peak component demand,D,
to the ground motion intensity in lognormal form is shown in Equation 7.4.
P[D ≥ d|IM ] = 1− Φ
(




Equation 7.4 could alternately be written as shown in Equation 7.5 for ease of substitution
of the regression parameters.






7.3.1 PSDMs for Retrofitted Bridges
The demand models for the components are altered by the use of retrofit in some cases.
This is consistent with the findings of the deterministic analyses which revealed that the
response of the component may be increased, decreased, or unaffected by various retrofits.
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An example of the regression and PSDMs for select components of the multi-span con-
tinuous concrete (MSC Concrete) bridge retrofit with shear keys is shown in Figure 7-4.
The PSDM for the as-built bridge is shown relative to the retrofitted bridge for visual com-
parison of the demand model before and after retrofit. It is evident from this figure that
the shear keys alter the PSDMs by decreasing the demands placed on the fixed bearings
and increase the demands place on the abutments in the transverse direction. The decrease
in σ for the fixed bearing deformations also indicates that the shear keys have affected
the dispersion about the demand estimate. Similar findings are revealed for the various
bridge types, retrofit measures, and component demand models. Appendix B presents the
component PSDMs for all retrofitted bridges in tabular form.
7.3.2 Joint PSDMs
While the component probabilistic seismic demand models will be useful for developing
component fragility curves to assess the impact of retrofit on the variability of different
critical components within the bridge, there is a need to derive system fragility curves.
These system fragilities permit an evaluation of the impact of retrofit on the overall bridge
system vulnerability, considering the contribution of multiple critical components. For
the methodology used in this work, system demand models (joint PSDMs) are developed
following Nielson (2005a). The component PSDMs presented above are actually marginals
for the joint probability distribution of demand. In this case, a joint probability density
function describes the demand placed on a number of components within the bridge system,
such as the bearings, abutments, and columns.
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Retrofit with Shear Keys
As-Built
7-4(a):




Figure 7-4: Impact of Shear Key retrofit on the MSC Concrete PSDMs for (a) transverse
fixed bearing deformations and (b) transverse abutment deformations.
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The joint PSDMs are derived in lognormal space, where each component demand is
transformed (yi = ln(xi)), and as illustrated above the demands placed on thecomponents
are then normally distributed. For such a joint normal distribution, a vector of means,µy,
and the covariance matrix,Σy, are needed to fully describe it. The correlation coefficients
are actually calculated from the transformed demands,yi. Estimation ofµy is calculated
by y = 1n
∑n
i=1 ln(xi) andσy
2 is estimated bys2 = 1n−1
∑n
i=1(ln(xi) − ln(x))2. All opera-
tions are performed on the jointly normal PDF. Realizations of this joint normal distribu-
tion for demand are transformed back into the original system through a simple operation,
xi = exp(yi). Nielson (2005a) found that the correlation between demands did not vary sig-
nificantly across a range of different earthquake intensities, and hence this study assumes
constant correlation coefficients for the demand models. The correlation matrices (for the
transformed demands) of the retrofitted bridges are presented in Appendix B along with the
PSDMs.
7.4 Limit State Capacities
The limit states for various bridge components offer a quantitative measure of capacity
which correspond to a damage state definition. The limit states for the as-built components
are those presented in Nielson (2005a). These limit states are intended to correspond to
the qualitative damage state descriptions presented in the FEMA loss assessment package
HAZUS-MH (FEMA, 2005). The qualitative description of the four damage states (Slight,
Moderate, Extensive and Complete) are given in Table 7-1. Similar to the restoration func-
tions presented in HAZUS, the damage state definitions for this study have a corresponding
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level of anticipated functionality (Figure 6-2). This provides meaningful measures of per-
formance for bridge structures. However, the quantitative limit states for the component
capacities are carefully derived to be consistent with this level of functionality. Details
on the survey data and limit state refinement were presented in Chapter 3. The limit state
capacities for the retrofitted component are assigned with consideration for the functional
implications.
Table 7-1: Qualitative Damage State Descriptions from HAZUS (FEMA, 2005).
Limit State Description
Slight Minor cracking and spalling to the abutment, cracks in shear keys
at abutments, minor spalling and cracks at hinges, minor spalling at
the column (damage requires no more than cosmetic repair) or minor
cracking to the deck.
Moderate Any column experiencing moderate (shear cracks) cracking and
spalling (column structurally still sound), moderate movement of the
abutment (<2”), extensive cracking and spalling of shear keys, any
connection having cracked shear keys or bent bolts, keeper bar fail-
ure without unseating, rocker bearing failure or moderate settlement
of the approach.
Extensive any column degrading without collapse – shear failure – (column
structurally unsafe), significant residual movement at connections,
or major settlement approach, vertical offset of the abutment, differ-
ential settlement at connections, shear key failure at abutments.
Complete any column collapsing and connection losing all bearing support,
which may lead to imminent deck collapse, tilting of substructure
due to foundation failure.
7.4.1 As-Built Component Capacities
The resulting capacity limit states from Nielson (2005a) for the as-built components used
in this study are presented in Table 7-2.
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Table 7-2: As-Built Limit States for Bridge Components (Nielson, 2005a).
Slight Moderate Extensive Complete
Component Sc βc Sc βc Sc βc Sc βc
Concrete Column (µφ) 1.29 0.59 2.10 0.51 3.52 0.64 5.24 0.65
Steel Bearing Fixed-Long (mm) 6.00 0.25 20.0 0.25 40.0 0.47 187 0.65
Steel Bearing Fixed-Tran (mm) 6.00 0.25 20.0 0.25 40.0 0.47 187 0.65
Steel Bearing Rocker-Long (mm) 37.4 0.60 104 0.55 136 0.59 187 0.65
Steel Bearing Rocker-Tran (mm) 6.00 0.25 20.0 0.25 40.0 0.47 187 0.65
Elastomeric Bearing Fixed-Long (mm) 28.9 0.60 104 0.55 136 0.59 187 0.65
Elastomeric Bearing Fixed-Tran (mm) 28.8 0.79 90.9 0.68 142 0.73 195 0.66
Elastomeric Bearing Expan-Long (mm)28.9 0.60 104 0.55 136 0.59 187 0.65
Elastomeric Bearing Expan-Tran (mm) 28.8 0.79 90.9 0.68 142 0.73 195 0.66
Abutment-Passive (mm) 37.0 0.46 146 0.46 N/A N/A N/A N/A
Abutment-Active (mm) 9.80 0.70 37.9 0.90 77.2 0.85 N/A N/A
Abutment-Tran (mm) 9.80 0.70 37.9 0.90 77.2 0.85 N/A N/A
7.4.2 Retrofitted Component Capacities
It has been previously illustrated that various retrofits affect the seismic response and de-
mand. However, the use of retrofit may also alter the capacity of some components, in-
cluding the retrofitted component itself. For example, new limit states must be defined for
the steel jacketed columns, elastomeric isolation bearings, and steel bearings when seat
extenders are present. The limit states for these components are defined with an effort to
maintain the functional implications of each damage state, and at limits where visual dam-
age may be apparent to inspectors. The median values of the retrofitted component limit
states are assigned in most cases based on past experimental tests of the retrofits. With little
additional information on the dispersion about the median, judgement is often used along
with knowledge of the uncertainty in the capacity of the as-built component.
The steel jacketed columns provide considerable enhanced ductility capacity as indi-
cated in Chapter 3. Limit states for slight through complete damage are assessed based on
tests of steel jacketed circular columns by Chai et al. (1991) and Priestley et al. (1994b).
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The visual damage and findings of tests for similar columns have often been reported in dis-
placement ductility demands,µ∆, and are converted to a corresponding curvature ductility
based on (FHWA, 1995)
µφ = 1 +
µ∆ − 1




wherel is the column height (5.5 m on average), and the plastic hinge region,lp, is approx-
imated from Priestley et al. (1994b)
lp = 2 · X · dbl + g (7.7)
whereX is taken as 9 for grade 60 steel,g is the jacket gap taken as 19 mm, and the
longitudinal bar diameter is approximated asdbl = 25.4 mm.
The tests indicated that atµφ = 9.35, considerable shear cracking at the connection be-
tween the jacketed column and footing may form, or spalling of concrete cover may occur,
particularly with non-seismically detailed footings lacking a top reinforcement map. This
has been identified as the limit state for slight damage. Moderate damage is presumed to
correspond to a level ofµφ = 17.7, where permanent concrete dilation resulted in yield-
ing of the jacket and visual bulging on the tension side. Extensive damage is triggered
at a curvature ductility demand of 26.1, where stable hysteretic response of the jacketed
columns is no longer observed and tension reinforcement may potentially fracture. Atµφ
= 30.2, the complete limit state is defined as the point where rapid strength degradation
occurs along with potential jacket buckling and longitudinal reinforcement fracture. This
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also roughly corresponds to the estimated ultimate curvature ductility demand of a typical








wherec is the neutral axis depth,εcu is the ultimate concrete strain from Equation 3.3, and
φy is the yield curvature. The lognormal standard deviation associated with the capacity of
the steel jacketed columns is presumed to be the same level as that of the original columns
for slight through complete damage.
The use of elastomeric isolation bearings replaces more vulnerable bearings; yet these
isolation bearings also have limits on their peak displacements. Each bridge type has differ-
ent size elastomeric bearings, designed as discussed in Chapter 7. Therefore, the limit states
for horizontal displacement demands are discussed in terms of shear strains and then trans-
formed appropriately based on each bearing’s dimension. At shear strains of approximately
100%, tests of typical CSUS bearings and pedestals have revealed potential yielding of an-
chor bolts and cracking of the pedestals. This first visible indicator of damage is considered
the slight limit state (DesRoches et al., 2004). Moderate damage is associated with initial
visible damage to the bearings themselves. At a level of 150% shear strain in the bearings,
past analytical and experimental investigations by Mori et al. (1997) have indicated that the
steel shims would yield. Test have revealed, however, that at a 200% shear strain significant
uplift and rocking of the bearing occurs and the steel shims become severely bent (Mori
et al., 1999). At this level of damage, the bearing would require replacement and hence
is indicative of extensive damage. The complete damage state is associated with ultimate
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failure of the bearings, which may lead to potential span unseating. Tests of laminated elas-
tomeric bearings by Kelly and Quiroz (1992) have indicated that this may occur by tearing
of the elastomer at the bearing center at a bearing shear strain of approximately 350%. The
dispersions are assumed to be similar to those from the elastomeric bearing pads.
The restrainer cables and shear keys do not affect the limit states for the component
capacities, but influence the seismic demand placed on them. The seat extenders, however,
have not yet been considered to alter the response of the bridge. Their impact is captured
by altering the limit on the longitudinal bearing displacements permissible at the highest
damage state. The seat extenders are assumed to provide an additional 152 mm of support
for the superstructure before unseating is expected to occur. For each bearing type (steel or
elastomeric, fixed or expansion) the original median value for complete damage is 187 mm.
This is increased to 339 mm when the seat extenders are employed. All other parameters
remain the same.
Table 7-3 lists the lognormal parameters of the limit state for the component capacities
which are affected by retrofit.
7.5 Retrofitted Bridge Component Fragility Curves
With knowledge of both the seismic demand and capacity placed on each component within
the retrofitted bridge, fragility curves for the components can be developed. These compo-
nent fragilities offer insight on the impact of different retrofit measures on the component
vulnerability. As previously indicated with a lognormal distribution of the component ca-
pacity and demand, the fragility can be evaluated as shown in Equation 7.9.
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Table 7-3: Limit State Parameters for Retrofitted Bridge Components.
Slight Moderate Extensive Complete
Component Sc βc Sc βc Sc βc Sc βc
Elastomeric Isolation Bearings
MSSS Steel Bridge-Long (mm) 76.2 0.60 114 0.55 152 0.59 267 0.65
MSSS Steel Bridge-Trans (mm) 76.2 0.79 114 0.68 152 0.73 267 0.66
MSC Steel Bridge-Long (mm) 82.6 0.60 124 0.55 165 0.59 289 0.65
MSC Steel Bridge-Trans (mm) 82.6 0.79 124 0.68 165 0.73 289 0.66
MSSS Conc Bridge-Long (mm) 146 0.60 219 0.55 292 0.59 511 0.65
MSSS Conc Bridge-Trans (mm) 146 0.79 219 0.68 292 0.73 511 0.66
MSC Conc Bridge-Long (mm) 140 0.60 210 0.55 279 0.59 489 0.65
MSC Conc Bridge-Trans (mm) 140 0.79 210 0.68 279 0.73 489 0.66
Steel Jacketed Column(µφ) 9.35 0.59 17.7 0.51 26.1 0.64 30.2 0.65
Steel Bearing Fixed-Long w/SE (mm) 6.00 0.25 20.0 0.25 40.0 0.47 339 0.65
Steel Bearing Rocker-Long w/SE (mm) 37.4 0.60 104 0.55 136 0.59 339 0.65
Elast Brg Fixed-Long w/SE (mm) 28.9 0.60 104 0.55 136 0.59 339 0.65
Elast Brg Expan-Long w/SE (mm) 28.9 0.60 104 0.55 136 0.59 339 0.65
Elast Brg= Elastomeric Bearing Pad
SE= Seat Extender







This fragility can be directly evaluated from the capacity estimates for each damage
state,SC andβC, presented in Section 7.4, as well as the parameters for the probabilistic
seismic demand models (a, b, βD|IM ) from Section 7.3. These parameters can be utilized
for fragility estimation by rearranging Equation 7.9 in the following form








This component fragility is lognormally distributed,Fragility ∼ LN(ln(medcomp),βcomp), as
indicated in Equation 7.11.







The median of the lognormal distribution for the component fragility is in units of grav-
itational accelerationg, and is defined asmedcomp = exp(
ln(SC)−ln(a)
b ). The dispersion for





b . The fragility of the component is evaluated for
each damage state (slight, moderate, extensive, complete), and can be compared for the
components in the as-built and retrofitted bridges.
The component fragility curves for the as-built bridge can offer insight on the most
vulnerable components within the bridge system, and indicate which components may be
in need of retrofit. For example, Figure 7-5 reveals that the columns, followed by fixed
and expansion bearings in the longitudinal direction, are the components most susceptible
to Moderate damage. An example of the retrofitted fragility curves for select components
is shown in Figure 7-6 for the moderate damage state of the MSC Concrete bridge. This
Figure compares the vulnerability of the component before and after the bridge is retrofit
with different measures. The system fragility curves will be discussed in the following
section. Table 7-4 defines the legend labels (abbreviations) for the various retrofit measures.
These will be used throughout the Chapter when presenting fragility curves. Comparing
the component vulnerabilities with different retrofits (Figure 7-6) provides insights on the
retrofit’s impact on different critical components.
Observations from Figure 7-6 reveal how the retrofit measures may decrease the vul-
nerability of some components, while increasing the vulnerability of others, or not affect
them at all. For example, the column vulnerability is considerably reduced with the steel
jackets, but this retrofit measure doesn’t affect any other components. The use of elas-
tomeric isolation bearings lead to a reduction in the bearing vulnerabilities as well as the
active abutment demands, yet do increase the passive vulnerability of the abutments (not
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shown). The restrainer cables slightly reduce the expansion bearing fragility, yet lead to a
higher potential for moderate damage of the abutments in active action as seen in Figure
7-6(d).




























Figure 7-5: Relative vulnerability of the MSC Concrete as-built components for the mod-
erate damage state.
Table 7-4: Retrofit Abbreviations for Fragility Curves.
Abbreviation Description
As-Built As-Built Bridge
Seat Extender Retrofit with Seat Extenders
Restrainer Retrofit with Restrainer Cables
Steel Jacket Retrofit with Steel Jackets
Elasto Brg Retrofit with Elastomeric Isolation Bearings
Shear Key Retrofit with Shear Keys
RC & SK Retrofit with Restrainer Cables and Shear Keys
SE & SK Retrofit with Seat Extenders and Shear Keys
145
















































































































Figure 7-6: Select component fragility curves for retrofitted MSC Concrete Girder bridge.
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Similar trends are observed for the other bridge types in terms of retrofit having varying
positive or negative effect on different components. The component fragility curves for all
of the retrofitted bridge types are found in Appendix C.
7.6 Retrofitted Bridge System Fragility Curves
The insight gained from the component fragility curves leads to a need to evaluate the
overall system vulnerability and impact of retrofit. A bridge system fragility curve serves
to depict the overall bridge vulnerability and relative impact of various retrofits on the
performance of the system. The system fragility curves are developed by convolving the
joint probabilistic seismic demand models (or joint PDFs) with the limit states which de-
scribe the failure domain for each damage state. The integration is performed numerically
through Monte Carlo simulation to estimate the failure probabilities across a range of inten-
sities (PGAs). Figure 7-7 illustrates the intersection of a bi-variate joint probability density
function with its failure domain. An example of one of theN simulations is shown.
For each Monte Carlo simulation, a sample of the system demand from the joint PSDMs
and the limit state capacities for each component are simulated. Correlation between the
demand placed on each component assessed in Section 7.3 is captured in the sampling.
As recommended by Nielson (2005a), 100% correlation between the limit states for slight,
moderate, extensive, and complete damage is assumed to ensure that the samples are in
rank order (cslight < cmoderate< cextensive< ccomplete). An indicator function is used to monitor
the number of failed capacity-demand simulation pairs and numerically estimate the failure
probability at each level of intensity across a reasonable range of peak ground accelerations.
These failure probabilities are representative of estimates of the cumulative distribution
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function (CDF) for the bridge system fragility. The parameters of the lognormal fragility
distribution for each damage state are estimated through regression analysis. The form of












Figure 7-7: Example simulation for bi-variate PDF and failure domain.
7.7 Effect of Uncertainty Treatment on Fragility Estimates
Before presenting a detailed comparison of the system fragility curves for various bridge
types and retrofit measures, a study is performed to assess the appropriate level of uncer-
tainty treatment for fragility analysis of classess of retrofitted bridges. The results will be













Figure 7-8: Illustration of system fragility estimation adapted from Nielson (2005a).
Analysts of the fragility of portfolios of structures have utilized a range of fidelity of
uncertainty treatment, from considering only ground motion uncertainty (Karim and Ya-
mazaki, 2001) to statistically varying over a dozen parameters (Nielson and DesRoches,
2007b) in simulations used to estimate the seismic demand. Without knowledge of the sen-
sitivity of the failure estimate to various uncertainties it is difficult to know what level of un-
certainty treatment is necessary to assess the fragility of these portfolios of structures. One
may either be disregarding significant parameters which could lead to unreliable fragility
estimates; or conversely may exhaust efforts unnecessarily on time-intensive and computa-
tionally expensive statistical sampling and simulation which has minimal influence on the
resulting fragility estimates.
The ultimate objective of this study is to assess the impact of statistical treatment of the
uncertain parameters relative to deterministic treatment on the resulting failure probability
estimates. The goal is to assess the relative importance of ground motion uncertainty, gross
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geometric uncertainty, and modeling parameter uncertainty on the fragility of classes of
retrofitted bridges. The study is illustrated with one specific bridge type (multi-span simply
supported steel girder). However, the general results have been found to be applicable to
other common retrofitted bridge types.
7.7.1 Sensitivity of Fragility Curves
The parametric study presented in Chapter 5 revealed that the seismic response of various
components in the retrofitted bridges are sensitive to a number of different modeling pa-
rameters, and the most significant parameters for each type of retrofitted bridges have been
identified. The study also revealed the importance of considering the potential variation
in loading direction and in the base geometries for portfolio analysis of retrofitted bridges
(examined through a blocking analysis). The influence of capturing these different sources
of uncertainty on the resulting fragility curves developed using the above outlined approach
are assessed, by incrementally increasing the level of uncertainty treatment. Four sets of
fragility curves with different levels of uncertainty treatment are considered as follows:
1. only the uncertainty in the ground motion (Ground Motion)
2. uncertainty in the ground motion and gross geometry (+Geometry)
3. uncertainty in the ground motion, geometry, and most important modeling parame-
ters identified in the sensitivity study (+S igni f icant Parameters)
4. considering all of the identified potential sources of uncertainty (+All Parameters)
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The ground motion uncertainty captured and modeled by the fragility includes epis-
temic uncertainty in different ground motion modeling approaches by including the previ-
ously discussed suites of synthetic ground motions developed by Wen and Wu (2001) and
Rix and Fernandez (2004). These researchers produced the ground motion suites with an
effort to capture various sources of uncertainty in the source, path, and site characteristics
which are then propagated through the fragility analysis. The ground motion uncertainty
reflected in the fragilities also includes the unknown incident angle of the earthquake. The
fragility curves developed considering only ground motion uncertainty (1) assume a sin-
gle base bridge geometry (# 4 from Table 5-3 for the MSSS Steel bridge), and all other
potentially uncertain modeling parameters previously discussed, such as the bearing stiff-
ness, concrete strength, etc. are set to their median values. In addition to the ground
motion uncertainty, the next level of uncertainty treatment (2) evaluated for fragility esti-
mation considers the potential variation in base bridge geometry which is inherent to an
assessment of portfolios of retrofitted bridges. The eight base bridge geometry samples
previously discussed and listed in Table 5-3 are used in this simulation.
The other two sets of fragility estimates (3,4) developed also include uncertainties due
to the modeling parameters discussed previously in the sensitivity study, such as steel
strength, bearing stiffness, etc. The set of fragility curves named+S igni f icant Parameters
includes the variation only in the modeling parameters identified in Table 5-8 as the most
significant parameters in the sensitivity study, in addition to the ground motion and gross
geometric uncertainty. The fragility curves corresponding to+All Parametersare gener-
ated with all potentially uncertain modeling parameters (Table 5-2) as random variables,
as well as ground motion and gross geometric uncertainties. A total of 12-16 parameters
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are varied in these analyses for the MSSS Steel bridge, depending on the retrofit measure.
These fragility curves represent the highest level of uncertainty treatment addressed in the
study, and will be used as a basis of comparison for the other cases.
7.7.2 Example Using MSSS Steel Girder Bridge Retrofit with Restrainer Cables
Assessment of the fragility estimates for the MSSS steel bridge retrofit with restrainers
(Figure 7-9) reveals that the fragilities developed considering the variation only in those
modeling parameters identified as most important in the sensitivity study are nearly the
same as those considering all potentially variable modeling parameters. The median values
differ by only 0.3-2.4% for the slight through complete damage states. This is intuitive,
since we have only varied those which significantly affect the seismic response of the crit-
ical components and thus impact the system vulnerability. These results reveal that we
can save time and effort in simulating bridge models for the probabilistic seismic demand
analysis by considering the variability only in those significant parameters identified in the
sensitivity study.
It is interesting to note that there is relatively little difference between these fragilities
and those developed considering only the uncertainty in the ground motion and base bridge
geometry. Compared to the bridge considering all variable parameters, there is a 4.3-5.9%
increase in the median values and a 2.0-6.1% decrease in the dispersion for the slight-
complete damage states. In general, the uncertainty in the significant modeling parameters
does not have a large affect on the fragility estimates, and the inclusion of only ground
motion and geometric uncertainties may be adequate. It is evident in Figure 7-9, however,
that there is a notable difference in the fragilities when the variation in gross geometric
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Figure 7-9: Comparison of different levels of uncertainty treatment for the MSSS Steel
girder bridge retrofit with Restrainer Cables (showing fragility estimates for the slight and
extensive damage state).
properties is neglected and only ground motion uncertainty is considered. The median
values are 18.4-20.6% higher and dispersions 4.0-15.0% lower compared to the estimates
with the highest level of uncertainty treatment. Without including the gross geometric
variation in typical three-span steel girder bridges, the fragility for this portfolio may have
been considerably underestimated, particularly at the higher damage states. Similar results
were observed for the other retrofit measures.
In general, the uncertainty in the ground motion and gross geometry overshadows the
contribution of other sources of uncertainty attributed to the bridge modeling itself. These
findings underscore the importance of carefully characterizing the range in base geometric
configurations in developing fragility estimates for portfolios of structures, as well as the
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significant contribution of ground motion uncertainty that stems from the unknown inci-
dent angle of the earthquake, the random nature of ground motion, and the ground motion
models (or synthetic suites) themselves which are used in the analysis.
The impact of increasing the level of uncertainty treatment in the development of
fragility curves for the MSSS steel bridge retrofit with other measures is similar to the
findings presented above for the restrainer retrofit. The diff rence in the fragility estimates
with the other retrofits and the as-built bridge were of a similar magnitude, and reveal the
significance of incorporating not only ground motion uncertainty but also variation in base
geometry. Additionally they show the similarity between the fragilities considering all pa-
rameters as variable and only those identified in the sensitivity study. Lastly, they indicate
that incorporating the uncertainty in these modeling parameters often has little effect on the
resulting fragility estimate. The only exception is the elastomeric bearing retrofit. Includ-
ing only the significant parameters relative to the fragilities with all variable parameters
still yields little difference. However, assuming the median value for all parameters leads
to a greater difference in the estimated lognormal parameters than observed in the other
retrofitted bridges: 4.4-9.8% difference in the median values and 25.6-32.8% difference in
the dispersion. Such a large difference in dispersion could have significant impacts on the
conclusions, particularly if the fragilities are convolved with a seismic hazard. Evaluation
of other classes of retrofitted bridges also indicates that the diff rence in dispersion could
be considerable if only median values are assumed for the significant modeling parameters
rather than probabilistic treatment.
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The findings indicate that savings in simulation and computational effort may be achieved
through a preliminary screening of parameters. However, this does not minimize the im-
portance of carefully characterizing the potential range of modeling parameters in order to
assign an assumed median value to these otherwise random variables. Additionally, the po-
tential variation in both the ground motion and base geometry are critical considerations for
developing seismic fragility curves for these classes of structures. Moreover, these sources
of uncertainty tend to overshadow the others associated with modeling parameter variation,
such as the damping ratio, elastomeric bearing stiffness, and length of restrainer cables.
Careful definition of these modeling parameters could allow for deterministic treatment of
a number of parameters whose variation has little eff ct on the overall fragility estimate.
Efforts may be better spent in characterizing gross geometric configurations of the struc-
ture and addressing a number of factors which contribute to the ground motion uncertainty,
such as loading direction, ground motion model, among others, and how to capture and
propagate these sources through the fragility analysis. However, complete abandonment of
probabilistic treatment of the modeling parameters identified as significant in the prelimi-
nary screening study would not be recommended. The findings of this study have revealed
that the fragility estimate for some retrofitted bridge types is sensitive to incorporating the
uncertainty in these modeling parameters, particularly in defining the lognormal standard
deviation.
While this approach and the findings are presented for one class of bridges, the multi-
span simply supported steel girder bridge, assessment of other bridge classes and retrofit
measures yield similar results.
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7.8 Developed Retrofitted Bridge Fragility Curves
Based on the findings above, the fragility curves proposed in this section are developed
with an intermediate level of uncertainty treatment. In addition to ground motion and base
geometric variation, uncertainty in only those parameters identified as the most significant
parameters from the screening study will be incorporated. The resulting fragility curves
derived for each bridge type and retrofit measure are presented below. The units for the
median (medsys) of the fragility is PGA.
7.8.1 Retrofitted MSSS Steel Girder Bridge
The fragility curves for the MSSS Steel Girder bridge are presented in Figure 7-10 for
the slight, moderate, extensive, and complete damage states. These figures compare the
as-built fragility to the fragility curves for the retrofit measures listed in Table 7-4. The
derived system median,medsys, and dispersion,βsys, from this analysis are listed in Table
7-5.
Visual screening of the fragilities for the MSSS Steel bridge indicate that for the slight
through extensive damage state, the elastomeric isolation bearing retrofit is the only mea-
sure that has a considerable impact on the system vulnerability. For this bridge type, while
the columns had notable initial vulnerability, the steel fixed bearings followed by the ex-
pansion bearings tended to dominate the bridge vulnerability at the lower damage states.
This is illustrated for the moderate damage state in Figure 7-11 which provides the compo-
nent and system fragilities for the as-built bridge. It is noted that the relative vulnerability
of the components does vary by damage state. By replacing the vulnerable steel bearings
with isolation bearings, the fragility is significantly reduced. At these damage states, the
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Figure 7-10: Fragility curves for retrofitted MSSS Steel Girder bridge.
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other retrofit measures are not particularly effective in reducing the system vulnerability,
primarily because of the impact of the bearings. The restrainer cables have little impact at
the lower damage states because of the low levels of displacement required to induce dam-
age in the fixed bearings and relative slack in the cables, and for the higher damage states
were not particularly effective in limiting deformations because of cable yielding. For the
complete damage state, the seat extenders are effective due to the considerable increase
in the limit state for complete damage of the bearings because of the lengthened support
before collapse (152.4 mm of additional seat width).




























Figure 7-11: Relative vulnerability of the MSSS Steel as-built components for the moder-
ate damage state.
7.8.2 Retrofitted MSC Steel Girder Bridge
The MSC Steel Girder Bridge is the most vulerable bridge type in the CSUS inventory. The
relative vulnerability of the bridge with various retrofit measures is shown in Figure 7-12,
and Table 7-6 lists the fragility parameters.
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Table 7-5: System Fragility Curves for Retrofitted MSSS Steel Bridge.
Slight Moderate Extensive Complete
Retrofit Condition medsys βsys medsys βsys medsys βsys medsys βsys
As-Built 0.25 0.45 0.47 0.40 0.60 0.44 0.91 0.50
Steel Jackets 0.26 0.44 0.50 0.38 0.65 0.42 1.03 0.50
Elastomeric Isolation Bearings 0.39 0.61 0.62 0.59 0.83 0.63 1.27 0.64
Restrainer Cables 0.26 0.45 0.48 0.39 0.63 0.42 1.02 0.49
Seat Extenders 0.25 0.46 0.47 0.40 0.61 0.44 1.15 0.49
Shear Keys 0.25 0.46 0.46 0.41 0.59 0.44 0.89 0.50
Restrainer Cables and Shear Keys0.25 0.45 0.48 0.40 0.63 0.42 1.00 0.49
Seat Extenders and Shear Keys 0.25 0.45 0.46 0.40 0.60 0.44 1.13 0.49














































































































Figure 7-12: Fragility curves for retrofitted MSC Steel Girder bridge.
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The steel bearings in this bridge are still a primary concern, but for the continuous steel
girder bridge which tends to respond like a single degree of freedom system, the fixed
bearings above the columns are not as vulnerable as the expansion bearings at the far ends
of the continuous bridge deck. The fixed bearings deform very little and the columns,
deck, and bearings move together, facilitated by deformation of the expansion bearings and
relatively large expansion joint at the deck ends. In addition, larger demands are placed on
the columns of this bridge because of the inertial loads of the continuous deck acting in
unison. The elastomeric bearings, therefore, are effective in replacing the more vulnerable
steel expansion bearings. However, because all of the bearings act similarly in order to
isolate the superstructure from the substructure, the demands are fairly high causing them
to be slightly more vulnerable than the original fixed bearings (which are not required to
deform considerably). This is not intuitive, but explains why the elastomeric bearings are
not as effective as one may have presumed.
The expansion bearings are also vulnerable to damage in the transverse direction which
is part of the explanation for the synergistic improvement of the performance of the MSC
Steel bridge with seat extenders and shear keys. While the steel jackets have a significant
impact on reducing the column vulnerability, their inability to affect other components
results in limited improvement for the system fragility. The restrainer cables off r a slight
improvement in the vulnerability of the expansion bearings, yet do not considerably reduce
the system vulnerability because of the introduction of a new vulnerability. While the
abutments initially had a low level of vulnerability, the large transfer of forces from the
cable considerably increases their vulnerability and hence the system vulnerability.
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Table 7-6: System Fragility Curves for Retrofitted MSC Steel Bridge.
Slight Moderate Extensive Complete
Retrofit Condition medsys βsys medsys βsys medsys βsys medsys βsys
As-Built 0.19 0.56 0.36 0.54 0.44 0.56 0.57 0.59
Steel Jackets 0.20 0.57 0.40 0.56 0.50 0.58 0.67 0.62
Elastomeric Isolation Bearings 0.26 0.72 0.43 0.70 0.56 0.71 0.92 0.73
Restrainer Cables 0.20 0.57 0.37 0.55 0.49 0.57 0.67 0.60
Seat Extenders 0.19 0.56 0.36 0.54 0.44 0.56 0.69 0.58
Shear Keys 0.21 0.56 0.41 0.56 0.50 0.59 0.62 0.62
Restrainer Cables and Shear Keys0.21 0.57 0.41 0.57 0.53 0.59 0.69 0.61
Seat Extenders and Shear Keys 0.21 0.56 0.41 0.56 0.51 0.59 0.80 0.61
7.8.3 Retrofitted MSSS Concrete Girder Bridge
Figure 7-13 shows the relative vulnerability of the as-built and retrofitted MSSS Concrete
girder bridge. This concrete girder bridge has considerably less vulnerable bearings than its
steel counterpart, yet has a larger mass. The relative vulnerability of various components
in this as-built bridge varies considerably depending on the damage state. This helps to
explain why different retrofits have a varying eff ct at the different damage states. For
example, at the slight damage state, the longitudinal fixed and expansion bearings as well as
the abutments in active action are the most susceptible to damage. Hence, the elastomeric
bearings are particularly eff ctive because they both replace the bearings and reduce the
active demands placed on the abutments.
Beyond the limit of moderate damage, the columns tend to become more vulnerable
and the steel jacketing becomes particularly effective. However, this retrofit does not im-
prove the bearing or active abutment performance which both still contribute to the system
fragility. The elastomeric bearings are not as effective beyond the slight damage state as one
might have expected, because of the increased vulnerability of the abutments in the trans-
verse direction. When this heavier bridge is on isolators which have transverse keepers
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or allow pounding of the deck and wingwall, large forces can be transferred to this sub-
structure element. It is also interesting to note that the use of shear keys actually increases
the system vulnerability at the higher damage states. This is because the bearings of the
bridge are not particularly susceptible to the higher levels of damage in the transverse di-
rection, so there is negligible positive eff ct realized. Instead the shear keys actually result
in more vulnerable columns due to the inertial loads transferred when the bridge is excited
in the transverse direction. The parameters of these retrofitted bridge fragility curves can
be found in Table 7-7.














































































































Figure 7-13: Fragility curves for retrofitted MSSS Concrete Girder bridge.
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Table 7-7: System Fragility Curves for Retrofitted MSSS Concrete Bridge.
Slight Moderate Extensive Complete
Retrofit Condition medsys βsys medsys βsys medsys βsys medsys βsys
As-Built 0.21 0.71 0.65 0.63 0.94 0.65 1.32 0.66
Steel Jackets 0.22 0.74 0.84 0.73 1.25 0.71 1.85 0.74
Elastomeric Isolation Bearings 0.34 0.68 0.65 0.62 0.99 0.66 1.54 0.65
Restrainer Cables 0.21 0.73 0.69 0.67 1.04 0.68 1.49 0.69
Seat Extenders 0.21 0.70 0.67 0.62 0.96 0.64 1.74 0.67
Shear Keys 0.22 0.68 0.63 0.59 0.86 0.62 1.15 0.64
Restrainer Cables and Shear Keys0.22 0.69 0.67 0.63 1.00 0.65 1.41 0.67
Seat Extenders and Shear Keys 0.22 0.68 0.66 0.60 0.89 0.63 1.60 0.66
7.8.4 Retrofitted MSC Concrete Girder Bridge
The as-built MSC Concrete girder bridge system and component fragilities at the slight and
complete damage state are shown in Figure 7-14 to facilitate an assessment of the reason
for different retrofit measures’ impact on the bridge vulnerability. The fragility curves for
the retrofitted bridge system is shown in Figure 7-15 with parameters listed in Table 7-8.
It is evident that the elastomeric bearings are very effective at the slight damage state for
the MSC Concrete bridge, though no other measures impact the system fragility. The steel
jackets are effective in reducing the column vulnerability at the slight damage state, but the
other vulnerable components shown in Figure 7-14(a) are not improved. The slight im-
provement in transverse bearing vulnerability (though not a particularly vulnerable compo-
nent) using the shear keys is offset by the increased vulnerability of the transverse demands
on the abutments. As seen with the MSSS Concrete bridge, the steel jackets tend to be more
effective at limiting the higher levels of damage where the columns contribute more to the
vulnerability. The restrainer cables, however, are not effective for this bridge because their
effectiveness on improving bearing performance is limited by the yielding of the cables
induced by the large inertial loads. Additionally, any positive benefit they have is negated
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by the negative impact on the abutments in active action. The seat extenders become ef-
fective at the complete damage state because they virtually remove any contribution of the
bearings to the system’s potential for complete damage.
























































Figure 7-14: Relative vulnerability of the MSC Concrete as-built components for the (a)
slight and (b) complete damage states.
Table 7-8: System Fragility Curves for Retrofitted MSC Concrete Bridge.
Slight Moderate Extensive Complete
Retrofit Condition medsys βsys medsys βsys medsys βsys medsys βsys
As-Built 0.16 0.86 0.59 0.69 0.85 0.69 1.18 0.69
Steel Jackets 0.16 0.88 0.69 0.78 0.99 0.73 1.42 0.74
Elastomeric Isolation Bearings 0.47 0.66 0.77 0.64 1.03 0.70 1.38 0.70
Restrainer Cables 0.16 0.79 0.57 0.69 0.86 0.67 1.24 0.66
Seat Extenders 0.16 0.86 0.59 0.69 0.85 0.68 1.54 0.68
Shear Keys 0.16 0.82 0.58 0.69 0.84 0.67 1.19 0.69
Restrainer Cables and Shear Keys0.16 0.76 0.57 0.69 0.88 0.67 1.33 0.67
Seat Extenders and Shear Keys 0.16 0.84 0.57 0.69 0.84 0.67 1.62 0.69
164














































































































Figure 7-15: Fragility curves for retrofitted MSC Concrete Girder bridge.
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7.9 Closure
This Chapter has presented the methodology for analytically deriving system fragility
curves for general classes of retrofit bridges, as well as the developed retrofitted bridge
fragilities for common bridge classes in the Central and Southeastern United States. Four
different bridge types and five retrofit measures were considered, as well as common com-
binations of some superstructure retrofits. The retrofits considered include elastomeric
isolation bearings, restrainer cables, steel jackets, shear keys, and seat extenders.
The fragilities developed utilize a total of 96 ground motions that have been synthe-
size by other researchers for the CSUS region (Rix and Fernandez, 2004; Wen and Wu,
2001). The impact of retrofit on the demand placed on multiple components was captured
through the development of joint probabilistic seismic demand models (PSDMs), or joint
probability distributions. Capacity estimates for the various bridge components were pre-
sented such that they have functional consistency, and the alteration of these limit state
capacities due to the retrofits was also assessed. The impact of retrofit on the fragility of
different components was presented to illustrate that retrofits may reduce the vulnerabil-
ity of some components, have negligible impact on others, and increase the vulnerability
of some. Retrofitted bridge system fragility curves are developed by convolving the joint
PDFs for demand with the failure domain across all components through Monte Carlo
simulation. These fragility curves were developed including ground motion uncertainty,
variation in base bridge geometry, and variation in those modeling parameters which were
identified in the screening study from Chapter 5. This level of uncertainty treatment was
identified as appropriate in the study in this Chapter.
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The fragility curves developed as a part of this work reveal that the retrofit measure
which most effectively reduces the vulnerability of the bridge system is a function of the
bridge type and damage state of interest. In general, the elastomeric bearings are particu-
larly effective retrofit measures for the Steel girder bridges. This attributed more to the fact
that they replace the highly vulnerable steel bearings with less vulnerable isolation bearings
than the improved column performance. The seat extenders are effective for the complete
damage state because of their ability to limit unseating and reduce bearing vulnerability.
For the continuous steel and concrete girder bridges the column vulnerability contributes
more to the system fragility and hence the steel jackets show more of an impact than in
their MSSS counterpart. This retrofit measure does not improve the vulnerability of other
components, though. The shear keys actually lead to increased vulnerability of the MSSS
Concrete bridge because of the increased forces transferred to the abutments in the trans-
verse direction. Overall, the restrainer cables are not particularly effective. In some cases
this is because of the small deformations indicative of steel bearing damage and relative
cable slack, or because of the increased demands placed on the abutments in active action,
or in other cases because of the yielding of the cables (particularly for the heavier concrete
bridges).
It is evident that overarching statements regarding the most viable retrofit measure are
difficult to make. This is because the ability of a retrofit measure to reduce the potential for
meeting a level of damage is dependent upon the class of bridge and damage state. Also,
the objectives of the decision maker could factor heavily into the recommendation, such as
targeting a specified level of bridge performance or considering the cost-effec iveness of the
investment in retrofit. Selection of viable retrofit measures for general classes of bridges
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common to the CSUS using these developed fragility curves is presented in the next chapter.
Their application in various frameworks for risk mitigation activities is highlighted.
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CHAPTER VIII
APPLICATIONS OF RETROFITTED BRIDGE
FRAGILITY CURVES
This chapter presents approaches for implementing fragility curves for retrofitted bridges,
including proposed fragilities and potential simplifications, modification factors describ-
ing the scaling of fragility parameters for various retrofit measures, and the potential ex-
tension and application for other bridge types. In addition, applications of the retrofitted
bridge fragility curves developed in the thesis are highlighted, including selecting viable
retrofit strategies based on a range of techniques (median value fragility improvement,
performance-based retrofit, or cost-benefit analyses). The chapter concludes with a dis-
cussion of the application of the retrofitted bridge fragility curves in a regional seismic risk
assessment.
8.1 Implementation and Proposed Retrofitted Bridge Fragility
Curves
The retrofitted bridge fragility curves developed in Chapter 7 can be adopted with the log-
normal parameters directly evaluated as a part of this work. The as-built bridge fragilities
developed by Nielson and DesRoches (2007b) for common classes of retrofitted bridges
are presented in Table 8-1. As evidenced in the Table, these as-built fragilities have been
simplified to have similar dispersions for each damage state across a given bridge type.
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Table 8-1: Simplified Fragility Curves for As-Built CSUS Bridges Proposed by Nielson
and DesRoches (2007b).
Median PGA Value (g),medsys
Bridge Type Slight Moderate Extensive Complete βsys
MSC Concrete 0.15 0.52 0.75 1.03 0.70
MSC Slab 0.17 0.45 0.78 1.73 0.70
MSC Steel 0.18 0.31 0.39 0.5 0.55
MSSS Concrete 0.2 0.57 0.83 1.17 0.65
MSSS Conc Box 0.21 0.65 1.19 2.92 0.75
MSSS Slab 0.18 0.52 0.94 1.92 0.75
MSSS Steel 0.24 0.44 0.56 0.82 0.50
SS Concrete 0.41 1.84 2.62 3.64 0.90
SS Steel 0.63 1.14 1.52 2.49 0.55
8.1.1 Simplified Fragility Parameters
Users may choose to use the more specific retrofitted bridge fragility curves presented
in Chapter 7 with unique median and dispersions for each damage state. As previously
indicated, simplified fragility curves with a single dispersion for each as-built bridge type
have been presented by Nielson and DesRoches (2007b) as well as in HAZUS (FEMA,
2005). This simplification is intended to facilitate the dissemination of information and
incorporation into software packages or studies. The simplified fragility curves for the
retrofitted bridges are listed in Table 8-2 - Table 8-5.
Table 8-2: Proposed Simplified Fragility Curves for Retrofitted MSSS Steel Girder Bridge.
Median PGA Value (g),medsys
Retrofit Measure Slight Moderate Extensive Complete βsys
Steel Jackets 0.26 0.50 0.65 1.03 0.45
Elastomeric Isolation Bearings 0.39 0.62 0.83 1.27 0.60
Restrainer Cables 0.26 0.48 0.63 1.02 0.45
Seat Extenders 0.25 0.47 0.61 1.15 0.45
Shear Keys 0.25 0.46 0.59 0.89 0.45
Restrainer Cables and Shear Keys 0.25 0.48 0.63 1.00 0.45
Seat Extenders and Shear Keys 0.25 0.46 0.60 1.13 0.45
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Table 8-3: Proposed Simplified Fragility Curves for Retrofitted MSC Steel Girder Bridge.
Median PGA Value (g),medsys
Retrofit Measure Slight Moderate Extensive Complete βsys
Steel Jackets 0.20 0.40 0.50 0.67 0.60
Elastomeric Isolation Bearings 0.26 0.43 0.56 0.92 0.70
Restrainer Cables 0.20 0.37 0.49 0.67 0.60
Seat Extenders 0.19 0.36 0.44 0.69 0.60
Shear Keys 0.21 0.41 0.50 0.62 0.60
Restrainer Cables and Shear Keys 0.21 0.41 0.53 0.69 0.60
Seat Extenders and Shear Keys 0.21 0.41 0.51 0.80 0.60
Table 8-4: Proposed Simplified Fragility Curves for Retrofitted MSSS Concrete Girder
Bridge.
Median PGA Value (g),medsys
Retrofit Measure Slight Moderate Extensive Complete βsys
Steel Jackets 0.22 0.84 1.25 1.85 0.70
Elastomeric Isolation Bearings 0.34 0.65 0.99 1.54 0.65
Restrainer Cables 0.21 0.69 1.04 1.49 0.70
Seat Extenders 0.21 0.67 0.96 1.74 0.65
Shear Keys 0.22 0.63 0.86 1.15 0.65
Restrainer Cables and Shear Keys 0.22 0.67 1.00 1.41 0.65
Seat Extenders and Shear Keys 0.22 0.66 0.89 1.60 0.65
8.1.2 Modification Factors and Extension to Other Bridge Types
The most significant change between the as-built and retrofitted fragility parameters is in
the variation in the median values. Modification factors are derived that can be applied to
as-built fragility curves to account for the impact of retrofit on the bridge system vulnera-
bility. These modification factors may be applied as scalars on the median values to refined
fragility curves developed in the future, or empirical fragility curves should sufficient data
allow for their development for these bridge types. The modification is calculated using the
171
Table 8-5: Proposed Simplified Fragility Curves for Retrofitted MSC Concrete Girder
Bridge.
Median PGA Value (g),medsys
Retrofit Measure Slight Moderate Extensive Complete βsys
Steel Jackets 0.16 0.69 0.99 1.42 0.80
Elastomeric Isolation Bearings 0.47 0.77 1.03 1.38 0.65
Restrainer Cables 0.16 0.57 0.86 1.24 0.70
Seat Extenders 0.16 0.59 0.85 1.54 0.75
Shear Keys 0.16 0.58 0.84 1.19 0.75
Restrainer Cables and Shear Keys 0.16 0.57 0.88 1.33 0.70
Seat Extenders and Shear Keys 0.16 0.57 0.84 1.62 0.75
fragility curves from Chapter 7, for consistency in the methodology and level of uncertainty





The resulting modification factors for the median values are indicated in Table 8-6 - Table
8-9 for the four bridge types.
Table 8-6: Modification Factors for Retrofitted MSSS Steel Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets 1.06 1.06 1.07 1.13
Elastomeric Isolation Bearings 1.57 1.32 1.37 1.39
Restrainer Cables 1.03 1.03 1.04 1.11
Seat Extenders 1.00 1.00 1.00 1.26
Shear Keys 0.99 0.98 0.98 0.97
Restrainer Cables and Shear Keys 1.02 1.02 1.04 1.09
Seat Extenders and Shear Keys 0.99 0.98 0.99 1.23
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Table 8-7: Modification Factors for Retrofitted MSC Steel Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets 1.04 1.14 1.14 1.18
Elastomeric Isolation Bearings 1.37 1.21 1.27 1.61
Restrainer Cables 1.03 1.05 1.11 1.17
Seat Extenders 1.00 1.00 1.00 1.21
Shear Keys 1.08 1.14 1.13 1.09
Restrainer Cables and Shear Keys 1.09 1.17 1.21 1.21
Seat Extenders and Shear Keys 1.09 1.15 1.15 1.41
Table 8-8: Modification Factors for Retrofitted MSSS Concrete Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets 1.05 1.30 1.33 1.41
Elastomeric Isolation Bearings 1.62 1.01 1.05 1.17
Restrainer Cables 1.01 1.07 1.10 1.13
Seat Extenders 0.99 1.03 1.02 1.32
Shear Keys 1.04 0.97 0.92 0.87
Restrainer Cables and Shear Keys 1.06 1.03 1.06 1.07
Seat Extenders and Shear Keys 1.04 1.01 0.95 1.22
Table 8-9: Modification Factors for Retrofitted MSC Concrete Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets 1.03 1.16 1.17 1.20
Elastomeric Isolation Bearings 2.94 1.31 1.21 1.17
Restrainer Cables 1.04 0.96 1.01 1.05
Seat Extenders 1.00 1.00 1.00 1.31
Shear Keys 1.01 0.98 0.99 1.01
Restrainer Cables and Shear Keys 1.04 0.96 1.04 1.12
Seat Extenders and Shear Keys 1.01 0.97 0.99 1.37
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This work focused on evaluating the impact of seven different retrofit approaches on
the four most common and potentially vulnerable bridges in the Central and Southeastern
US. However, as indicated in Table 8-1, Nielson and DesRoches have developed as-built
fragility curves for other common classes of bridges. The modification factors could be
applied to these additional as-built bridge fragilities to obtain an estimate of the potential
impact of retrofit on the fragility. However appropriate mapping of the modification fac-
tors must be identified so that they are applicable to as-built structures which have similar
response and vulnerabilities. Table 8-10 presents recommendations for which retrofit mod-
ification factors should be applied to a given as-built fragility. It is noted that the resulting
retrofitted bridge fragility estimates for classes not directly evaluated as a part of this work
are estimates and representative of the likely influence of retrofit on the bridge system per-
formance. The mapping is based on judgement from evaluation of the work by Nielson
(2005a) which allows for comparison of the relative vulnerability of the as-built bridges
and which classes respond similarly or have similar component vulnerabilities within the
system.
The single span bridges are more unique from those evaluated for retrofit as a part of
this work since the column vulnerabilities do not contribute to these systems. Therefore,
direct mapping to the median value modification factors listed in Table 8-6 - Table 8-9 are
not appropriate. Simplified approximations are proposed in Tables 8-11 and 8-12. For the
singe span (SS) bridges, the components which tend to dominate the vulnerability of the
system are the bearings. The most vulnerable bearing response quantity for each damage
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Table 8-10: Recommendations for Mapping of Modification Factors for Other Bridge
Types.
As-Built Bridge Type Recommended Modification Factors
MSC Concrete MSC Concrete
MSC Slab MSC Concrete
MSC Steel MSC Steel
MSSS Concrete MSSS Concrete
MSSS Conc Box MSSS Concrete
MSSS Slab MSSS Concrete
MSSS Steel MSSS Steel
SS Concrete Approx SS Concrete*
SS Steel Approx SS Steel*
* = see approximations for single span (SS) bridges presented below
state for the SS Steel and SS Concrete girder bridges are identified and modification fac-
tors are approximated based on the impact of retrofit on these components in the MSSS
counterparts. Any modification factor greater than ten is assigned a value of 10.00.
In general for both of these bridge types the seat extenders are the most effectiv at the
complete damage state because this level of damage tends to be controlled by the longi-
tudinal bearing vulnerability, and the seat extenders considerably increase the capacity of
these components. The restrainer cables are not expected to be effectiv for the SS Steel
bridge at the lower damage states because of the limited impact they have for the steel
fixed bearings relative to the cable slack. The isolation bearings are particularly effective
for the lower damage states because they replace the vulnerable existing bearings with ones
of higher capacity. For the SS Concrete bridge with larger deck mass, it is expected that
the effect of the restrainers at limiting higher levels of damage may be diminished because
of cable yielding. It is also noted that because the longitudinal bearing deformations tend
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to dominate the bridge vulnerability, the transverse shear keys actually result in the limit-
ing transverse deformations but increasing longitudinal bearing deformations. Hence, the
effect of the shear keys on this bridge may actually be negative, as evidenced in Table 8-12.
Table 8-11: Approximate Modification Factors for Retrofitted SS Steel Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets N/A N/A N/A N/A
Elastomeric Isolation Bearings 6.92 1.63 1.58 1.53
Restrainer Cables 1.04 1.01 1.02 1.30
Seat Extenders 1.00 1.00 1.00 1.61
Shear Keys 0.96 0.99 0.99 0.98
Restrainer Cables and Shear Keys 0.99 1.02 1.02 1.25
Seat Extenders and Shear Keys 0.96 0.99 0.99 1.57
Table 8-12: Approximate Modification Factors for Retrofitted SS Concrete Girder Bridge.
Modification Factor for Median Value
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets N/A N/A N/A N/A
Elastomeric Isolation Bearings 2.58 1.07 1.12 1.39
Restrainer Cables 1.12 1.30 1.34 1.01
Seat Extenders 1.00 1.00 1.00 10.00
Shear Keys 0.92 0.85 0.83 0.83
Restrainer Cables and Shear Keys 1.07 1.14 1.16 1.02
Seat Extenders and Shear Keys 0.92 0.85 0.83 1.36
8.2 Retrofit Selection for Typical Bridges
The fragility curves developed as a part of this work provide insight on appropriate retrofit
measures for different bridge types and damage states. Evaluation of the fragilities provides
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insight for designers and decision makers on viable retrofit selections. Three approaches
to using these retrofitted bridge fragility curves to identify and select a retrofit measure are
presented below to provide guidance for future studies and retrofit of bridges in the CSUS.
8.2.1 Median Value Improvement
One of the simplest ways of comparing the different retrofit measures is to evaluate the
relative change in the median value of the fragility estimate. While the modification factors
themselves provide insight, directly computing the percent change in the median value
relative to the as-built median allows for quick screening and comparison of the retrofits.
A positive percent change in the median indicates a shift of the median value indicative of
a less vulnerable structure, while a negative change in the median value indicates a more




















Figure 8-1: Illustration of percent change in median value relative to as-built system vul-
nerability.
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The percent change in the median values for the system fragility curves are listed in
Appendix D for the four typical classes of bridges evaluated as a part of this work. The table
for the MSSS Concrete bridge is listed in Table 8-13. The retrofit with the largest positive
percent difference in the median value is indicative of the most favorable retrofit selection,
based on the criteria of median value shift of the vulnerability. In the Tables, the retrofit
measure with the largest median value improvement for each bridge type and damage state
is presented in boldface type. Screening of these median value changes indicates for the
MSSS Concrete girder bridge, for example, that the elastomeric bearings are the most
effective for the slight damage state, while the steel jackets are the most effective for the
other damage states.
Table 8-13: Percent Difference in Fragility Medians for Retrofitted MSSS Concrete Rela-
tive to As-Built Bridge.
% Di fference inmedsys from As-Built
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets +5% +30% +33% +41%
Elastomeric Isolation Bearings +62% +1% +5% +17%
Restrainer Cables +1% +7% +10% +13%
Seat Extenders -1% +3% +2% +32%
Shear Keys +4% -3% -8% -13%
Restrainer Cables and Shear Keys+6% +3% +6% +7%
Seat Extenders and Shear Keys +4% +1% -5% +22%
8.2.1.1 Fragility Comparison at Other Percentiles
While comparing median values of the fragility for the as-built bridge with various retrofit
measure provides a quick approach for screening retrofits, there are some noted limitations.
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This does not capture the impact of different retrofits on the dispersion, which could affect
the failure probability, and the likely impact of retrofit for higher probability events. It
may therefore be desirable to evaluate other percentiles (in addition to the 50th percentile
represented by comparing median values). For example entering at the 5th percentile would
provide insight as to what level of earthquake could be experienced to avoid damage 95%
of the time, with and without retrofit. Such lower percentiles as the 5th or 10th percentiles
are often used for screening structural vulnerability (Ellingwood and Wen, 2005), and could
offer viable levels for comparison of retrofit.










ln(PGAx%) = ln(medsys) + βsys · Φ−1(x%) (8.4)





Comparison of the 5th percentile values will be illustrated herein, where thePGA0.05 is
found as shown in Equation 8.6.






This percentile is illustrated in Figure 8-2 comparing the value of the fragility for the as-




















Figure 8-2: Illustration of 5th percentile for the as-built and retrofitted bridge.
The 5th percentile values of the fragility for the as-built and retrofitted MSC Concrete
bridge are listed in Table 8-14 based on Equation 8.6. A comparison of these values reveals
that 95% of the time, the as-built bridge would be completely damaged following an earth-
quake having a peak ground acceleration (PGA) of 0.38 g. However, the bridge retrofit with
seat extenders and shear keys would require an earthquake with a PGA of 0.52 g. This cor-
responds to a 37% increase in the 5th percentile value of the fragility. From Equation 8.5,
decision-makers can select alternate percentiles for comparison of other classes of as-built
and retrofitted bridge fragilities.
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Table 8-14: 5th Percentile Values of As-Built and Retrofitted Fragility for the MSC Con-
crete Bridge.
PGA (g) for the 5th Percentile
Retrofit Measure Slight Moderate Extensive Complete
As-Built 0.038 0.190 0.275 0.380
Steel Jackets 0.038 0.191 0.299 0.418
Elastomeric Isolation Bearings 0.158 0.269 0.327 0.440
Restrainer Cables 0.044 0.184 0.287 0.419
Seat Extenders 0.039 0.190 0.276 0.501
Shear Keys 0.041 0.185 0.277 0.381
Restrainer Cables and Shear Keys 0.047 0.181 0.293 0.441
Seat Extenders and Shear Keys 0.040 0.184 0.277 0.522
8.2.2 Performance-Based Retrofit Assessment
In recent years, performance-based design has gained support and is a paradigm that has
been recommended for bridge retrofit. The benefits of this approach include the ability
to design to a target level of performance, and to assess and predict the bridge response
and performance within an interval of confidence. The recent draft edition of theSeismic
Retrofitting Manual for Highway Bridges(FHWA, 2006) has encouraged a performance-
based approach to seismic retrofitting, including the use of fragility curves for assessing
potential bridge damage, prioritizing bridges for retrofit, and performing seismic risk as-
sessments.
Building upon the existing performance-based approach outlined in theSeismic Retrofitting
Manual, fragility curves for retrofitted bridges could provide an opportunity to assess
potential bridge retrofit measures. The recommended retrofit process for bridges in the
Seismic Retrofitting Manual has two stages, including a dual-level performance evaluation
where the acceptable level of performance is determined based on the bridge importance
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and remaining service life. Retrofitted bridge fragility curves could be utilized to assess
the probability of meeting the dual-level performance objectives identified in the retrofit
process framework. The retrofitted bridge fragilities developed as a part of this work can
be used to identify which retrofit measures might be most appropriate for achieving a set of
performance objectives for a given bridge type. As evidenced by the fragility curves shown
in Chapter 7, some retrofits tend to reduce the potential for achieving a given state of dam-
age. Identification of the retrofit measure which most effectively reduces this probability is
dependent on the bridge type, the performance objectives in terms of the realization of the
design level earthquake, and the damage state of interest.
8.2.2.1 Dual Level Retrofit Evaluation
TheSeismic Retrofit Manual for Highway Bridges(FHWA, 2006) recommends minimum
performance levels for retrofitted bridges for two levels of seismic hazard. These design
performance levels are intended to help achieve a target level of bridge operation (or func-
tionality) and an acceptable level of damage following the earthquake event. Table 8-15
presents the minimum performance levels for the upper and lower level hazards recom-
mended in the Retrofit Manual. As evidenced in the Table, the performance objectives
for each hazard are dependent upon the years of anticipated service life remaining and the
importance level of the bridge.
The performance levels defined in the dual-level assessment must be mapped to the
fragility damage states in order to utilize the fragilities in a performance assessment of the
bridge with various retrofit strategies. This is facilitated by the fact that the fragilities in this
work were developed with limit states and damage state definitions that correspond to an
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anticipated level of functionality (allowable traffic carrying capacity). For aPL1, life safety
performance level, the objective is to reduce the probability of achieving the complete
damage state. ThePL2 performance level, defined by the ability to provide service for
emergency vehicles after inspection and eventually restore full functionality after repair, is
assumed to coincide with the moderate damage state which has a restoration function as
shown in Figure 6-2 from Chapter 6. Finally, if the fully operationalPL3 is the objective,
it is desirable to reduce the probability of even slight damage. Because the fragility limit
states have been associated with an expected level of functionality, mapping to operational
performance objectives as stated above is facilitated. A summary of the mapping between
performance levels presented in the Retrofit Manual and the damage state definitions from
Chapter 6 are presented in Table 8-16.
8.2.2.2 Example Performance-Based Retrofit Assessment
The retrofitted bridge fragility curves coupled with the dual-level framework will be used
in an example preliminary retrofit screening for a multi-span simply supported steel girder
bridge. The fragilities in this work are being developed for general classes of bridges
that are common to the CSUS and are not intended to be structure-specific. Thus, the
conclusions drawn are intended to serve as the starting point in the preliminary retrofit
selection or alternative identification phase. However, the methodology could be applied
for the evaluation of a specific structure.
It is assumed that the bridge of interest is a standard MSSS Steel bridge located in
Caruthersville, MO with an anticipated remaining service life of over fifty years (AS L3).
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Table 8-15: Minimum Performance Levels for Retrofitted Bridges Adapted from theSeis-
mic Retrofitting Manual for Highway Bridges(FHWA, 2006).
Bridge Importance and Service Life Category
Standard Essential
Earthquake Ground Motion ASL 1 ASL 2 ASL 3 ASL 1 ASL 2 ASL 3
Lower Level Ground Motion PL0 PL3 PL3 PL0 PL3 PL3
Upper Level Ground Motion PL0 PL1 PL1 PL0 PL1 PL2
1. Ground Motion Levels
• Lower Level Ground Motion: 50% probability of exceedance in 50 years; return period is
about 100 years
• Upper Level Ground Motion: 7% probability of exceedance in 75 years; return period is
about 1,000 years
2. Anticipated Service Life
• ASL 1: 0-15 years
• ASL 2: 16-50 years
• ASL 3: >50 years
3. Performance Levels
• PL0: No minimum level of performance is recommended.
• PL1: Life safety. Significant damage is sustained and service is significantly disrupted, but life
safety is preserved. The bridge may need to be replaced after a large earthquake.
• PL2: Operational. Damage sustained is minimal and service for emergency vehicles should
be available after inspection and clearance of debris. Bridge should be reparable with or without
restrictions on traffic flow.
• PL3: Fully operational. No damage is sustained and full service is available for all vehicles
immediately after the earthquake. No repairs are required.
Table 8-16: Mapping from Minimum Performance Level to Fragility Damage State.
Performance Levels Summary Fragility Damage State
PL0 No minimum objective No Evaluation
PL1 Life safety Complete
PL2 Emergency vehicles permitted; repairable Moderate
PL3 Fully operational for all vehicles Slight
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It may be common for bridges in this region to have a lengthy anticipated remaining ser-
vice life yet still require retrofit, because many states in the CSUS did not begin designing
bridges for seismic forces until after 1990 (Gupta and Hartnagel, 2003). As shown in Table
8-15, this bridge would be required to remain fully operational (PL3) following a Lower
Level design event. In order to meet this performance objective, it is desired to reduce
the probability of exceeding slight damage. As evidenced in the fragility curves presented
in Figure 7-10, the elastomeric bearings are the only retrofit which effectively reduces the
probability of achieving slight damage, and meeting thePL3 objective. However, following
an Upper Level design event, the standardAS L3 bridge would be required to meet a min-
imum performance level ofPL1, where life safety is preserved. In this case, the fragility
curves corresponding to complete damage are utilized for the assessment. It is evident that
nearly all of the retrofit measures considered reduce the probability of achieving complete
damage, with the elastomeric bearings, seat extenders, and shear key-seat extender combo
all being particularly effective measures.
While this assessment has presented the use of the fragility curves for assisting in eval-
uating the effectiveness of different retrofit measures in helping to achieve a particular level
of performance, it is also noted that the framework presented in theRetrofit Manualspeci-
fies a design level earthquake at which the performance levels must be achieved. The lower
level ground motion corresponds to a design event with 50% probability of being exceeded
in 50 years, and the upper level corresponds to an event with 7% probability of being ex-
ceeded in 75 years. Recalling that earthquake occurrence is often modeled using a Poisson
probability model, the probability of exceeding a ground motion amplitude (ie. pga) is
expressed as
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PE = 1− e−νt (8.7)
wheret is the lifetime of the bridge andν is the annual frequency of exceeding the ground





The annual frequency of exceeding a pga having 50% probability of being exceeded in
50 years (lower level) is 0.013863 and is 0.000968 for a pga with 7% probability of being
exceeded in 75 years (upper level). From the seismic hazard curve for the site of interest,
which offers the relationship between peak ground acceleration and its annual probability
of exceedance, the pga associated with each design level can be determined. The seismic
hazard curve for Caruthersville, MO provided by the USGS (Frankel and Leyendecker,
2001) is shown in Figure 8-3. From this hazard curve it is estimated that the peak ground
accelerations associated with the lower and upper ground motions are 0.03g and 0.64g
respectively.
While achieving the operational performance levelPL3 for the Lower Level design
event is facilitated by the use of elastomeric bearings, as previously stated, retrofit may
not be necessary since the probability of damage at this design event is very low. At an
acceleration of 0.03g, the probability of meeting or exceeding slight damage for the bridge
in its as-built condition is nearly zero, and retrofit may not be justified for this performance
objective alone. However, for the Upper Level design event with a pga of 0.64g, the per-
formance objective is to reduce the probability of complete damage. As shown in Figure
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Figure 8-3: Seismic hazard curve for Caruthersville, MO adapted from Frankel and Leyen-
decker (2001).
8-4, all of the retrofit measures, with the exception of shear keys, are viable strategies for
reducing the probability of complete damage at a pga of 0.64g. However, seat extenders
are the most effective measure and lower this probability from 24% to 10%, reducing the
vulnerability by more than a half. While the combined use of shear keys and seat extenders
results in an analogous reduction, this combination is not chosen because of the lack of
improved performance beyond the use of seat extenders alone.
This dual-level performance-based evaluation using the retrofitted fragility curves re-
sults in the identification of seat extenders as a viable retrofit strategy for the MSSS steel
girder bridge. This retrofit measure should be carefully considered in the detailed retrofit
assessment. It is recognized from the fragilities that several other retrofit strategies also
help to reduce the potential for complete damage and help achieve the outlined perfor-
mance objective for the upper level ground motion. Thus, other considerations such as cost
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Figure 8-4: Assessment of the retrofitted fragilities for the complete damage state to iden-
tify strategies that help achieve the upper level ground motion performance objective for
the MSSS Steel Bridge.
and constructability may also be a factor in weighing the relative benefits of these measures
and play a role in the final retrofit selection.
While the example illustrates the use of fragility curves in a retrofit assessment applied
to a dual-level performance evaluation and targets achieving only the minimum level of per-
formance outlined in theSeismic Retrofitting Manual for Highway Bridges(FHWA, 2006),
this framework could easily be extended. Additional performance objectives including a
desired operation level and hazard level defined by the owner could also be considered.
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8.2.3 Cost-Benefit Analysis
Due to the many competing needs for state transportation funding, there are often limited
resources available for seismic upgrade of bridges. In particular, for regions of low-to-
moderate seismicity, such as the CSUS, funds for seismic retrofit are scarce and require
careful investment. The retrofitted bridge fragility curves developed as a part of this work
can support such decision-making. In addition to offering a probabilistic framework for
assessing the impact of retrofit on bridge system performance and treatment of uncertainty
in performance evaluation, these fragility curves serve as critical components of loss as-
sessments and cost-benefit analyses. Several researchers have indicated the potential use
of such an approach for evaluating a new design or an upgrade of existing structures with a
range of fidelity of uncertainty treatment, life-cycle costing, and loss modeling (Chang and
Shinozuka, 1996; Smyth et al., 2004; Thiel and Hagen, 1998). The fragility curves devel-
oped as a part of this study provide the basis for making such risk-benefit-based decisions
as proposed by Ellingwood and Wen (2005).
A number of researchers have proposed the use of cost-benefit analyses or probabilistic
loss assessments for evaluating design alternatives or mitigation strategies. While there
are still a number of gaps and refinements left to be addressed by the research commu-
nity, the development of retrofitted bridge fragility curves fills a critical void in support of
such analyses. The loss assessment requires information on the probable damage states, as
provided by the retrofitted bridge fragility curves. This information coupled with proba-
bilistic seismic hazard data and cost estimates associated with the bridge damage supports
assessment of the direct economic losses incurred with and without the retrofit employed.
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These estimates can be compared to assess the cost-effectiv ness of the mitigation strategy
through a traditional cost-benefit analysis, and may be estimated including various sources
of aleatory and epistemic uncertainties. The approach presented herein does not address
the need for improved cost-accounting, and considers the costs associated with damage to
be deterministic values. However, it could be extended to include the uncertainty in such
parameters and incorporate more robust estimation of losses if coupled with an appropriate
network analysis and regional assessment. The methodology is presented to illustrate the
criticality of the retrofitted bridge fragility curves in such a framework, and an example of
a bridge retrofit cost-benefit analysis is presented for illustration purposes.
8.2.3.1 Loss Model
The bridge fragility information must be coupled with probabilistic seismic hazard curves
in order to assess the annual probability of meeting or exceeding a particular state of dam-
age
P[DS ≥ ds] =
∫ amax
amin
P[DS ≥ ds|PGA= pga] · |dH(a)
da
| (8.9)
where the probability depicted in the first term is the fragility, andH(a) is the seismic
hazard curve, expressed as the annual probability of exceeding a peak ground acceleration
(pga) in this study (Cornell et al., 2002). The distribution of these failures (or instances of
being in or exceeding a damage state) is assumed to be a Poisson process as indicated by





P[DS ≥ S light] − P[DS ≥ Moderate] for i=1
P[DS ≥ Moderate] − P[DS ≥ Extensive] for i=2
P[DS ≥ Extensive] − P[DS ≥ Complete] for i=3
P[DS ≥ Complete] for i=4
(8.10)
Thus the present value of losses or costs incurred from bridge damage,PV, over a period







−λi t · Ci
(1 + d)t−1
(8.11)
wherei is the damage state,λi is the mean annual rate of failure, andCi is the cost or losses
associated with damage statei. For rare events such as earthquakes, it is often assumed
that the annual probability of an event is equal to the mean annual rate of exceedance.
Hence the mean annual rate of failure,λi, is approximated asP[DSi(only)]. The inflation-
adjusted discount rate,d is used for converting future costs into present values (assumed to
be stationary in time), which is based on the principal idea that costs and benefits incurred
sooner are worth more to the investor and attempts to reflect some of the opportunity losses
associated with investing in the present and realizing the returns later. This rate is adjusted
for inflation such that the present day costs for repair can be used in Equation 8.11. There is
debate over the most appropriate discount rate to use, and for the purposes of the example
ad=3% is assumed (Smyth et al., 2004).
The benefit of a particular retrofit,r is then evaluated as the difference between the
present value of the losses without retrofit,PVas−built, and the present value of the losses
with retrofit,PVr
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Bene f itr = PVas−built − PVr (8.12)
The difference in these present value terms stems from the reduction in vulnerability of
the retrofitted bridge resulting in a reduced mean annual rate of failure. The cost-benefit
ratio (CBR) is simply assessed as the ratio between the net present value of the investment






The CBR is a measure of the financial return for each dollar invested in the seismic
retrofit. It should be noted that the scope of this study does not include potential fatality,
social losses, or intangible benefits, though with great care, they could be considered in
an evaluation of earthquake consequences (Bostrom et al., 2006). ACBRgreater than 1
indicates a positive return on investment, and the retrofit with the largestCBRhas a larger
savings in losses over the time period,T, per dollar of investment in mitigation. This
type of analysis is meant to support decision making on investment in seismic retrofit by
quantifying the cost effectiveness of a potential mitigation strategy. As indicated in the
recent edition of theSeismic Retrofitting Manual for Highway Structures(FHWA, 2006),
threshold values for acceptable cost-benefit ratios will be determined based on experience
and judgment. There are other factors that would affect these decisions, such as the relative
size of the initial investment, availability of funds, or other projects forgone in order to
invest in seismic upgrade.
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Table 8-17: Repair Cost Ratios from Basoz and Mander (1999) for Cost of Damage Esti-
mate.




Complete 1.0 (if n< 3)
2.0/n (if n ≥ 3)
*n = number of spans
8.2.3.2 Example Cost-Benefit Study with MSC Steel Girder Bridge
The repair costs associated with each damage state are assumed to be a percentage of the
replacement cost of the bridge utilizing the estimates from Basoz and Mander (1999) for
the best mean repair cost ratio shown in Table 8-17. The replacement cost for the example
3-span MSC Steel bridge shown in Figure 4-5 is estimated to be $1,407,057, and the mean
estimated repair costs for the slight, moderate, extensive, and complete damage states are
$42,212, $112,564, $351,764, $938,038, respectively. These estimates include only the
direct losses due to structural damage. The results of the ATC-25 (ATC, 1991) assessment
of the seismic vulnerability of lifelines show that the total losses for highways, including
both direct and indirect losses from increased travel time, are on the order of 5 to 20 times
larger than the direct losses. As a simplistic approach for acknowledging and accounting
for potential indirect losses due to bridge damage, the total cost of losses associated with
each damage state is assumed to be 13 times the above estimated repair costs (roughly the
average of the two extremes from ATC). A network analysis and further economic impact
studies would improve the estimated total cost.
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Following the method outlined above, the estimated realized losses for the as-built
bridge are $273,000, over its remaining life of 50 years. The estimated retrofit costs and
present value benefits for the seven retrofit measures are shown in Table 8-17. The retrofit
measures, or combinations of retrofits, are ordered byCBR. While the elastomeric bearing
retrofit is expected to result in the largest savings in potential losses, orBene f itEB, its cost-
benefit ratio is 1.16. The combined use of the shear keys and seat extenders result in savings
of nearly $70,000 over the remaining life of the structure, yet due to their reduced cost have
a cost-benefit ratio indicative of a more favorable investment atCBRS E−S K=2.92. The cost-
benefit analysis for the example bridge presented indicates that the seat extender-shear key
retrofit is the most economically viable.
It is noted that these results may be highly sensitive to the cost data and repair cost
ratios assumed, and that fatalities and socio-economic factors were not included in this
study. There may be investments with aCBRless than one which are favorable because of
non-monetary benefits and social responsibility, such as loss of life avoided. However, it is
evident that this type of analysis is dependent upon the development of reliable retrofitted
bridge fragility curves for a range of bridge types and potential retrofit measures, as pro-
vided by this research.
8.3 Regional Seismic Risk Assessment
Regional seismic risk assessments (SRAs) are becoming a popular tool for evaluating the
performance of the transportation network under earthquake loading. The term seismic risk
refers to the potential for damage or losses that may be associated with a seismic event.
Such regional assessments provide a unique approach for estimating the risk to highway
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Table 8-18: Cost-Benefit Analysis of Example Bridge with Different Retrofit Measures.
Retrofit Measure Cost Benefit CBR
Steel Jackets $36,000 $39,920 1.11
Elastomeric Bearings $70,353 $81,760 1.16
Restrainer Cables and Shear Keys $28,500 $52,900 1.86
Restrainer Cables $16,500 $37,206 2.25
Shear Keys $12,000 $27,610 2.30
Seat Extenders $12,000 $33,110 2.76
Seat Extenders and Shear Keys $24,000 $69,980 2.92
infrastructure by evaluating potential bridge damage and consequences of the seismic event,
such as estimated losses incurred. This framework offers support to decision-makers for
pre-event planning and risk mitigation, emergency route identification, retrofit selection
and prioritization, among other critical tasks.
Methodologies for seismic risk assessment of transportation systems have been pre-
sented by many researchers in the field of lifeline earthquake engineering (Chang et al.,
2000; Kiremidjian et al., 2002; Werner et al., 1997). These methodologies off r a potential
framework for assessing likely bridge damage, direct losses due to repair and replacement
of the structures, and some extend this evaluation to include an assessment of the impact
of the event on network performance and the resulting indirect economic losses. Several
researchers have indicated that such a highway system SRA could allow for relative com-
parison of different seismic retrofit strategies’ impact on the regional consequences of an
event, system-wide traffic flow disruptions, or associated losses (Werner et al., 2000; Zhou
et al., 2004). While there have been initial studies that propose the viability of this frame-
work, the results depend heavily on the availability and reliability of utilized tools and input
models. These include such items as ground motion models, fragility information on the
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bridge vulnerability, repair cost information, among others. Development of the first set of
fragility curves for general classes of retrofitted bridges in the CSUS in this work provides
an essential piece of the framework and permits such a retrofit evaluation.
The seismic risk assessment methods previously proposed by researchers vary in the
extent to which hazards, damage, and losses are treated. However, the general method-
ologies have common threads. The general methodology for SRA of highway systems is
presented in Figure 8-5. As illustrated in the Figure, the first phase of the SRA process for
transportation networks is to define the regional inventory, including identifying the charac-
teristics and locations of the bridges. Scenario earthquake events are often used, where the
magnitude and location of the event must be specified. During the system analysis, fragility
curves for classes of bridges common to the region are utilized, along with an estimate of
the level of ground shaking at the location of each bridge in the spatially distributed region.
This facilitates evaluation of the expected level of damage to each bridge, as illustrated in
Figure 8-6. This Figure presents a fictitious depiction of relative bridge damage before and
after retrofit. The bridge damage may be coupled with information on the repair cost ratio
(or fraction of replacement cost) and replacement cost data for different bridge types per-
mits an assessment of the losses. Alternatively, relationships between bridge damage and
functionality may be used to evaluate the ability of the bridges to perform their function
and continue to carry traffic. The consequence assessment may be further enhanced by the
application of transportation network analyses and traffic flow simulations. These assess-
ments facilitate evaluation of the consequences of the earthquake event and can be used
to compare such consequences before and after retrofit. This includes comparing likely
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bridge damage before and after retrofit (Figure 8-6), direct losses, travel time in the system,
indirect losses, among others.
8.4 Closure
This Chapter has provided details to help promote the transfer of this work to applica-
tion in general seismic risk evaluation and assessment of seismic risk reduction efforts.
The first step of doing this was to provide simplified fragility models for the classes of
retrofitted bridges for ease of implementation and dissemination of the information. Ad-
ditionally, modification factors were derived that can be applied to scale as-built bridge
system fragilities to estimate retrofit impact on the vulnerability. Recommendations for
mapping of modification factors from bridge classes evaluated as a part of this study to
other common classes of CSUS bridges evaluated by Nielson (2005a) are provided to per-
mit a holistic evaluation of the CSUS inventory. These modification factors may also be
valuable for assessing retrofit impact for future studies evaluating bridge fragility, or as in-
formation becomes available to assess empirical fragility relationships for these classes of
as-built bridges.
Three frameworks for using the retrofitted bridge fragility curves for identifying viable
retrofit measures are presented. These include simplified screening of the retrofits based on
their impact on the median value of the fragility. Tables indicating the percent difference
in as-built and retrofitted median values are presented to facilitate such an assessment. A
performance-based approach to seismic retrofit is also proposed with the fragility curves
forming the foundation for identifying a retrofit measure to achieve a given set of perfor-
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Figure 8-5: General Seismic Risk Assessment (SRA) method for highway systems.
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Figure 8-6: Illustration of the assessment of retrofit on regional seismic risk to Charleston,
SC.
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theSeismic Retrofitting Manual for Highway Bridges, but could easily be applied to meet
user specified objectives for a targeted level functional performance and design level event.
The use of the retrofitted bridge fragility curves in a cost-benefit assessment is presented
as an approach for weighing the financial viability of different retrofit measures in a prob-
abilistic framework. Rather than evaluating the cost-effectiveness for a scenario event, the
cost-benefit assessment considers the potential losses avoided over the remaining life of the
structure, and provides an eff ctive way to evaluate investment in seismic upgrade.
Additionally, the seismic risk assessment methodology is presented to indicate the gap
in the framework that is filled by the developed retrofitted bridge fragility curves from this
work. These tools provide an eff ctive way to assess the impact of retrofit on regional
consequences and transportation network performance. The availability of fragility curves
for general classes of retrofitted bridges in the CSUS will permit a systems approach to
seismic upgrade of this critical infrastructure.
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CHAPTER IX
SUMMARY, CONCLUSIONS, AND FUTURE WORK
9.1 Summary and Conclusions
The infrequent nature of large earthquakes has led to uncertainty in the seismic hazard in the
Central and Southeastern United States (CSUS), and has resulted in many of the bridges
being designed with little or no seismic consideration. This lack of seismic detailing in
much of the existing highway bridge inventory leaves the transportation network particu-
larly vulnerable to earthquake damage, and indicates the potential for severe consequences
from a future event. As awareness of the potential seismic threat to the CSUS rises, several
states in this part of the country are beginning to establish bridge retrofit programs and
are in the early stages of evaluating bridge vulnerability and potential retrofit strategies for
their existing non-seismically designed bridges.
The main objective of this study was to provide reliable fragility curves for general
classes of retrofitted bridges. This work is critical and timely as many of the states in the
CSUS are beginning to initiate retrofit activities and require an understanding of the rel-
ative benefits of retrofits for the typical bridges in the CSUS. Unfortunately, to date, few
studies have assessed retrofit for bridges common to this region or provided comparative
assessment of different options. Moreover, the development of a methodology for ana-
lytical fragility curve development for bridges in their retrofitted condition has been very
limited. Those that have evaluated retrofitted bridge vulnerabilities are not practical or
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fully appropriate for portfolio analysis of general classes of retrofitted bridges typical to
the CSUS.
From a review of retrofit practice coupled with past studies, five potentially viable or
common retrofit measures were identified for examination in this work. The retrofit mea-
sures cover a range of approaches for seismic retrofit from response modification to capac-
ity enhancement to partial replacement. Three-dimensional analytical models of the retrofit
measures and bridge classes were established. Deterministic analyses revealed the impact
of retrofit on the seismic response of various critical components. It was concluded that tra-
ditional retrofit targets the improvement of individual components or response quantities,
however may result in damage to other components. This highlights the need to evaluate
the impact of retrofit on system performance.
Sensitivity studies were conducted to identify the modeling parameters which signifi-
cantly affect the seismic response of the different classes of retrofitted bridges. It was con-
cluded that for nearly every response measure and type of retrofitted bridge, the potential
variation in loading direction was important as well as the blocking scheme representative
of the uncertainty in the bridge configurations (span length, column height, etc.). Hence,
through the remainder of the study these eight geometric configurations were used to cap-
ture the variation in the inventory and the ground motions were applied as a coupled pair of
orthogonal components with random incident angle. The additional most significant mod-
eling parameters were identified for each type of retrofitted bridge, often consisting of at
least one parameter associated with the retrofit measure and others due to as-built param-
eters. There was some consistency between the significant parameters for the as-built and
retrofitted bridge of each class. The retrofit parameters which were significant for various
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bridge classes included slack and length of the restrainer cables; stiffne s of the elastomeric
bearings and gap to the transverse keeper plate; additional stiffne s imposed by steel jackets
and the grout gap between the jacket and existing column; and the gap before the transverse
shear keys engage.
Later studies evaluated the sensitivity of not only the bridge response quantities, but the
fragility estimate to different sources of variability to help address the question of a prudent
level of uncertainty treatment. The results of the study indicated that while the ground
motions may overshadow some other sources of uncertainty, capturing the variation in base
bridge geometry is critical for analyses of structural portfolios. Additionally, the use of
preliminary screening studies can help to identify which modeling parameters should be
treated probabilistically in fragility analyses.
Probabilistic methods were used to develop fragility curves for retrofitted bridges. Through
careful treatment of uncertainty and computational simulation, the seismic demand was
assessed, including the propagation of sources of uncertainty associated with the ground
motions, significant analytical modeling parameters, and variation in geometric properties
in the classes of bridges. Joint probabilistic seismic demand models (PSDMs) were estab-
lished to characterize the impact of retrofit on the demand placed upon and dependency
between various critical components in the bridge. A survey of bridge engineers and in-
spectors was conducted to provide insight on the relationship between component damage
and anticipated closure or repair recommendations affecting the anticipated allowable traf-
fic carrying capacity. The study provided descriptions of damage state definitions in terms
of meaningful performance measures–anticipated post-event functionality. These damage-
functionality relationships were used to refine limit state capacities to have more functional
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consistency and incorporate uncertainties associated with such human subjectivity. Some
of the retrofits tended to alter the component limit states and were defined with care to
maintain the functional implications.
Fragility curves for components of retrofitted bridges were first developed to provide
insight on the impact of retrofit on the vulnerability of different components within the
system. Notable findings which were consistent with the deterministic analyses include the
following:
• Elastomeric bearings led to increased vulnerability of the abutment in passive action.
This became more prevalent for the continuous bridges and was magnified for the
heavier concrete girder bridges.
• In general, the elastomeric bearings were eff ctive in isolating the superstructure and
substructure and reduced column demands. However, their eff ct was more consid-
erably realized in reducing bearing vulnerability by replacing the existing bearings
with less vulnerable bearings. This was more critical for the high-type steel bearings
in the steel girder bridges
• The restrainer cables led to higher potential for damage to abutments in active ac-
tion because of the forces transferred through the cables. Additionally, this retrofit
was not as effective in reducing bearing vulnerability because of the low levels of
deformation (particularly for steel bearings) indicative of damage and the slack in
the cables, or the potential for cable yielding in larger events (particularly for the
concrete bridges).
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• The steel jackets considerably reduced the column vulnerability to the point that they
were nearly negligible for most bridge types and damage states. No other component
vulnerabilities were considerably impacted.
• The seat extenders eff ctively reduced the vulnerability of all longitudinal bearings at
the complete damage state by providing an additional support length before risking
unseating. Their impact was captured by altering these longitudinal bearing defor-
mation limit states, however the bridge response is not otherwise affected.
• Transverse shear keys provided at the bents and abutments are effectiv in reducing
the transverse vulnerability of the bearings in all of the bridges, with the exception of
the MSSS Steel. However, they can lead to increased vulnerability of the abutments
in the transverse direction or even the columns for the simply supported bridges.
These conclusions are not consistent across each damage state. The impact of retrofit on
component vulnerability in each bridge type was found to be a function of the level of
damage of interest. The use of different retrofit measures tended to alter the relative vul-
nerability of different components in the system.
Retrofitted bridge system fragility curves were developed by convolving the demands
and capacities across all potential failure domains in order to capture the impact of retrofit
on multiple components. These system-level fragilities provide insight on the relative vul-
nerability of the bridge classes before and after retrofit, and with different retrofit measures.
The identification of the retrofit measure which most effectively reduces likely damage de-
pends on the bridge type and damage state of interest. In particular, more retrofit measures
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tended to become eff ctive in reducing the potential for the higher levels of damage. In gen-
eral the elastomeric isolation bearings were the most effective for the Steel girder bridges.
At the complete damage state the combined use of the seat extender and shear key was
effective for the MSC Steel bridge and the seat extender was effective for the MSSS Steel
bridge. The steel jackets were more effective in reducing potential damage for the Concrete
girder bridges.
Conclusions as to the most appropriate retrofit measure for a given bridge type depend
upon the objectives of the decision-maker. The most viable retrofit may be that which
has the greatest increase in median value of the fragility; helps to achieve a stated set of
performance objectives (level of functionality for a design level event); or provides the
most cost-effective investment in seismic upgrade, just to name a few. Thus, different
frameworks were presented to support retrofit selection using the retrofitted bridge fragility
curves. These include median value improvement, performance-based retrofit, and cost-
benefit analysis. Additionally, to promote implementation of the developed fragilities and
facilitate ease of transfer of these curves, simplified fragility estimates, as-built modifi-
cation factors, and mapping to a broader range of CSUS inventory are proposed. This
promotes incorporation of the retrofitted bridge fragility curves in regional seismic risk
assessments.
9.2 Impact of Research
A rigorous approach to probabilistic assessment of the impact of retrofit on the seismic
performance of typical CSUS bridges was used in this work to provide reliable fragility
curves for general classes of retrofitted bridges. A primary contribution of the work is the
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refinement and evaluation of a methodology for generation of retrofitted bridge fragility
curves that would facilitate a comparison of bridge retrofits and would permit a network
assessment for eff ctive retrofit selection and prioritization based on transportation network
performance. Additional benefits and contributions include the following:
• Examination of current and potential retrofit measures viable for the CSUS to date
has been limited. This study provides the first systematic and comprehensive assess-
ment of retrofit for CSUS bridges and offer insight for researchers and practitioners in
the region. The three-dimensional analytical modeling and response evaluation pro-
vides enhanced understanding of the seismic response of typical classes of retrofitted
bridges.
• The development and evaluation of a methodology for analytical fragility curve de-
velopment for bridges in their retrofitted condition has been very limited, and offers a
significant contribution to the research community that can be applied to other parts
of the country, bridge types, and retrofit measures.
• An enhanced understanding of the sources of uncertainty whose variability most sig-
nificantly effect the seismic response of the retrofitted bridges, as well as the sensi-
tivity of the fragility estimate to different levels of uncertainty treatment is provided.
This indicates areas for future study to try to reduce our uncertainty in the realization
of some parameters (where appropriate) or to prudent levels of uncertainty treatment
for future fragility assessments of structural portfolios.
• The development of fragility curves for bridges in their retrofitted states allows de-
cision makers to examine the relative vulnerability of bridges in their as-built and
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retrofitted conditions for various retrofit strategies. This will aid practitioners in the
selection of appropriate bridge retrofit measures, including providing frameworks for
their use in performance-based retrofit or weighing the cost-effectiveness of different
measures in a probabilistic framework.
• The evaluation of relationships between bridge damage and functionality offers crit-
ical understanding between these subjective decisions. This enabled a new approach
for the definition of damage states and limit state capacities on the basis of functional
consistency, which were used in this study. However, this also provides a key link
between structural response and consequence assessment of earthquake events. This
promotes the integration of these fragility curves in regional risk assessments and
traffic model simulations by implying an anticipated level of post-event functional-
ity.
• Seismic risk assessment and loss estimation tools (and their users) will benefit from
the incorporation of retrofitted bridge fragility curves. This will allow for evaluation
of the impact of retrofit on network performance. It will also allow SRA packages to
capture a class of bridges that have already been retrofit in the region, which could
have a significant impact on the system vulnerability if key bridges have already been
retrofit. These retrofitted bridge fragility curves permit a transportation system level
approach to seismic risk mitigation and infrastructure upgrade.
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9.3 Recommendations for Future Work
Areas in which this work can be extended through additional research include the follow-
ing:
• The effect of retrofit was examined for typical geometries of CSUS highway overpass
bridges as a part of this work. Future studies could evaluate the impact of skew,
number of spans, curved girders, or additional retrofit measures on the fragility.
• As approaches for assessing and simulation the liquefaction hazard mature, the im-
pact of this hazard on bridge response and vulnerability should be incorporated. This
could have a particular impact on regional damage in such areas as Charleston, SC.
• Potential combinations of bridge retrofits may be virtually unlimited, yet may be an
appropriate way to target bridge system upgrade. A simplified approach for assessing
the impact of retrofit combination on system fragility would be a valuable extension
of the research.
• Coupling evaluation of retrofit on bridge fragility and network reliability would fur-
ther support decisions on investment in seismic upgrade, through an approach that
maximizes the impact of financial input for retrofit and optimizes system perfor-
mance.
• Since our infrastructure is subjected to numerous threats, extension of this bridge vul-
nerability and retrofit/rehabilitation assessment to other hazards is warranted. This




FUNCTIONALITY PROBABILITY MATRICES AND
EXCEEDANCE PROBABILITIES FROM ANALYSIS
OF DAMAGE-FUNCTIONALITY SURVEY DATA
This appendix includes tables of the additional functionality probability matrices (FPMs)
which were not presented in 6. These FPMs provide the percent of respondents that indi-
cate a given level of component damage would result in a specific level of allowable traffic
carrying capacity over time. Damage state exceedance probabilities calculated as an anal-
ysis of the data collected from the Damage-Functionality survey presented in Chapter 6
are also presented herein. These exceedance probabilities are used to refine the limit state































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A-2: Damage State Exceedance Probabilities for All Levels and Types of Damage.
Settlement of Approach at Approach/Abutment Interface
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.286 0.036 0.036 0.036
1-6 in 0.889 0.148 0.000 0.000
≥6 in 1.000 0.464 0.214 0.071
Transverse Offset at Expansion Joint
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.321 0.036 0.000 0.000
1-6 in 0.750 0.429 0.214 0.107
≥6 in 0.929 0.714 0.536 0.464
Damage to Column (Single Column Bent)
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
Cracking 0.519 0.185 0.148 0.148
Spalling 0.929 0.607 0.286 0.250
Rebar buckle/fracture /pullout 0.964 0.929 0.786 0.750
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Settlement of Approach at Approach/Abutment Interface
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.286 0.036 0.036 0.036
1-6 in 0.889 0.148 0 0
≥6 in 1 0.464 0.214 0.071
Damage to Abutment
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
Cracking 0.536 0.071 0.036 0
Spalling and/or Rotation 0.821 0.393 0.25 0.107
Longitudinal O ffset at Expansion Joint
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.179 0 0 0
1-6 in 0.893 0.25 0.143 0.143
≥6 in 1 0.75 0.643 0.536
Vertical Offset at Expansion Joint
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.429 0.036 0.036 0.036
1-6 in 1 0.482 0.259 0.222
≥6 in 1 0.778 0.593 0.407
Longitudinal O ffset Over Pier
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.25 0.071 0.071 0.036
1-6 in 0.857 0.393 0.286 0.143
≥6 in 0.964 0.714 0.536 0.429
Damage to Column (Multi-Column Bent - One Column Damaged)
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-1 in 0.5 0.107 0.036 0.036
1-6 in 0.857 0.464 0.179 0.143
≥6 in 0.964 0.714 0.607 0.571
Separation of Soil from Footings
P[DS≥ds|Dg=dg]
Damage, dg Slight Moderate Extensive Complete
0-3 in 0.346 0.115 0.077 0.039
≥3 in 0.692 0.308 0.192 0.154
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APPENDIX B
PSDMS WITH CORRELATION MATRICES FOR
RETROFITTED BRIDGES
The following tables (Table B-1 - Table B-4) show the PSDMs in the form presented in
Chapter 7
ln SD = b · ln IM + ln a (B.1)
for each type of retrofitted bridge. Note that the demand models for the bridges retrofit
with seat extenders are not listed, because they do not affect the seismic response and are
the same as the as-built bridge. Additionally, while the combined use of seat extenders and
shear keys will be assessed, the demand model is the same as that for shear keys alone.
The correlation matrices for each type of retrofitted bridge are shown in the following
tables. Note that the correlation coefficients are actually for the lognormally transformed
demand placed on the components.
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Table B-1: MSSS Steel PSDMs.
ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
As-Built
ln(µφ) 0.958 1.387 0.83 0.50
ln( f xL) 4.551 2.276 0.84 0.78
ln( f xT) 3.494 2.039 0.75 0.95
ln(exL) 5.008 1.251 0.77 0.55
ln(exT) 2.587 1.423 0.83 0.51
ln(abP) 2.712 1.336 0.78 0.57
ln(abA) 2.403 0.865 0.73 0.41
ln(abT) 1.919 0.952 0.74 0.45
Steel Jackets
ln(µφ) 0.839 1.385 0.81 0.53
ln( f xL) 4.465 2.250 0.86 0.73
ln( f xT) 3.734 2.198 0.80 0.88
ln(exL) 4.962 1.246 0.77 0.54
ln(exT) 2.529 1.404 0.84 0.50
ln(abP) 2.536 1.259 0.78 0.53
ln(abA) 2.201 0.775 0.77 0.33
ln(abT) 1.894 0.954 0.77 0.42
Elastomeric Isolation Bearings
ln(µφ) 0.809 1.327 0.77 0.59
ln(ebL) 4.946 1.069 0.68 0.58
ln(ebT) 3.492 0.611 0.61 0.39
ln(abP) 3.287 2.020 0.67 1.13
ln(abA) 1.050 0.672 0.75 0.31
ln(abT) 2.865 1.493 0.72 0.74
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ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
Restrainer Cables
ln(µφ) 0.887 1.356 0.82 0.50
ln( f xL) 4.490 2.227 0.85 0.74
ln( f xT) 3.754 2.205 0.79 0.92
ln(exL) 4.725 1.140 0.76 0.51
ln(exT) 2.513 1.394 0.82 0.52
ln(abP) 2.460 1.215 0.78 0.52
ln(abA) 2.605 0.918 0.74 0.43
ln(abT) 1.820 0.916 0.76 0.41
Shear Keys
ln(µφ) 1.006 1.405 0.82 0.52
ln( f xL) 4.567 2.275 0.84 0.78
ln( f xT) 3.397 1.990 0.72 1.00
ln(exL) 5.038 1.262 0.77 0.54
ln(exT) 2.669 1.459 0.79 0.60
ln(abP) 2.832 1.371 0.76 0.61
ln(abA) 2.479 0.885 0.75 0.40
ln(abT) 1.897 0.942 0.75 0.43
Restrainer Cables and Shear Keys
ln(µφ) 0.932 1.377 0.82 0.51
ln( f xL) 4.492 2.242 0.85 0.75
ln( f xT) 3.331 1.967 0.71 1.01
ln(exL) 4.769 1.158 0.77 0.51
ln(exT) 2.597 1.428 0.78 0.61
ln(abP) 2.674 1.310 0.78 0.56
ln(abA) 2.750 0.983 0.76 0.45
ln(abT) 1.827 0.911 0.75 0.41
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Table B-2: MSC Steel PSDMs.
ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
As-Built
ln(µφ) 1.921 1.710 0.71 0.88
ln( f xL) 2.083 1.589 0.62 1.00
ln( f xT) 2.974 1.818 0.59 1.23
ln(exL) 5.797 1.457 0.72 0.73
ln(exT) 4.437 1.936 0.71 0.99
ln(abP) 3.722 2.295 0.50 1.83
ln(abA) 0.348 0.624 0.42 0.59
ln(abT) 2.378 0.872 0.67 0.49
Steel Jackets
ln(µφ) 1.697 1.670 0.74 0.79
ln( f xL) 2.288 1.680 0.64 1.00
ln( f xT) 3.037 1.837 0.58 1.25
ln(exL) 5.770 1.454 0.72 0.72
ln(exT) 4.251 1.866 0.70 0.96
ln(abP) 3.492 2.203 0.47 1.87
ln(abA) 0.332 0.619 0.42 0.59
ln(abT) 2.487 0.925 0.68 0.50
Elastomeric Isolation Bearings
ln(µφ) 0.890 1.379 0.69 0.74
ln(ebL) 5.616 1.152 0.64 0.69
ln(ebT) 3.189 0.313 0.51 0.24
ln(abP) 4.289 2.367 0.55 1.71
ln(abA) 0.917 0.658 0.49 0.54
ln(abT) 4.000 1.644 0.59 1.10
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ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
Restrainer Cables
ln(µφ) 1.625 1.597 0.68 0.88
ln( f xL) 1.436 1.382 0.60 0.90
ln( f xT) 2.928 1.793 0.59 1.19
ln(exL) 5.449 1.343 0.73 0.65
ln(exT) 4.413 1.927 0.71 0.98
ln(abP) 2.799 1.968 0.45 1.76
ln(abA) 3.953 1.830 0.56 1.30
ln(abT) 2.429 0.894 0.66 0.52
Shear Keys
ln(µφ) 1.426 1.491 0.70 0.78
ln( f xL) 2.020 1.587 0.64 0.96
ln( f xT) 2.146 1.472 0.60 0.97
ln(exL) 5.728 1.427 0.72 0.72
ln(exT) 3.405 1.479 0.79 0.61
ln(abP) 3.565 2.228 0.50 1.80
ln(abA) 0.348 0.624 0.42 0.59
ln(abT) 2.733 1.023 0.70 0.53
Restrainer Cables and Shear Keys
ln(µφ) 1.535 1.558 0.69 0.84
ln( f xL) 1.380 1.355 0.60 0.89
ln( f xT) 2.323 1.530 0.62 0.97
ln(exL) 5.453 1.345 0.73 0.65
ln(exT) 3.383 1.469 0.78 0.62
ln(abP) 2.949 2.034 0.47 1.74
ln(abA) 3.976 1.840 0.56 1.30
ln(abT) 2.833 1.067 0.69 0.57
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Table B-3: MSSS Concrete PSDMs.
ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
As-Built
ln(µφ) 0.776 1.191 0.77 0.52
ln( f xL) 4.147 1.162 0.67 0.66
ln( f xT) 3.012 0.742 0.40 0.73
ln(exL) 4.420 0.961 0.73 0.47
ln(exT) 3.119 0.783 0.38 0.79
ln(abP) 2.465 1.001 0.67 0.57
ln(abA) 2.899 0.876 0.55 0.63
ln(abT) 2.540 1.035 0.74 0.49
Steel Jackets
ln(µφ) 0.642 1.184 0.76 0.53
ln( f xL) 4.028 1.112 0.66 0.63
ln( f xT) 2.781 0.639 0.35 0.69
ln(exL) 4.354 0.945 0.73 0.46
ln(exT) 2.752 0.634 0.35 0.68
ln(abP) 2.475 1.029 0.66 0.59
ln(abA) 2.963 0.910 0.58 0.62
ln(abT) 2.410 0.994 0.69 0.54
Elastomeric Isolation Bearings
ln(µφ) 0.782 1.246 0.76 0.56
ln(ebL) 5.120 0.889 0.65 0.52
ln(ebT) 3.650 0.511 0.62 0.32
ln(abP) 4.176 2.343 0.61 1.51
ln(abA) 0.778 0.700 0.55 0.51
ln(abT) 3.345 1.273 0.62 0.81
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ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
Restrainer Cables
ln(µφ) 0.714 1.139 0.74 0.54
ln( f xL) 4.146 1.152 0.66 0.66
ln( f xT) 2.912 0.687 0.32 0.80
ln(exL) 4.214 0.865 0.70 0.46
ln(exT) 2.999 0.729 0.36 0.77
ln(abP) 2.429 0.966 0.62 0.61
ln(abA) 2.981 0.884 0.68 0.50
ln(abT) 2.295 0.940 0.71 0.49
Shear Keys
ln(µφ) 0.833 1.213 0.74 0.58
ln( f xL) 4.312 1.224 0.66 0.71
ln( f xT) 2.579 0.559 0.55 0.41
ln(exL) 4.578 1.026 0.75 0.48
ln(exT) 2.492 0.521 0.53 0.39
ln(abP) 2.650 1.085 0.67 0.62
ln(abA) 2.593 0.728 0.66 0.43
ln(abT) 2.438 1.009 0.74 0.49
Restrainer Cables and Shear Keys
ln(µφ) 0.807 1.188 0.73 0.59
ln( f xL) 4.136 1.148 0.66 0.66
ln( f xT) 2.535 0.535 0.51 0.42
ln(exL) 4.311 0.915 0.73 0.44
ln(exT) 2.532 0.538 0.53 0.41
ln(abP) 2.574 1.038 0.64 0.63
ln(abA) 3.088 0.946 0.71 0.49
ln(abT) 2.417 0.998 0.72 0.50
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Table B-4: MSC Concrete PSDMs.
ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
As-Built
ln(µφ) 0.829 1.217 0.72 0.61
ln( f xL) 4.558 1.105 0.68 0.61
ln( f xT) 2.873 0.684 0.44 0.62
ln(exL) 4.388 0.928 0.66 0.53
ln(exT) 2.793 0.651 0.44 0.59
ln(abP) 2.907 0.991 0.49 0.81
ln(abA) 2.655 0.525 0.26 0.70
ln(abT) 2.913 0.931 0.57 0.66
Steel Jackets
ln(µφ) 0.792 1.266 0.74 0.60
ln( f xL) 4.578 1.122 0.69 0.60
ln( f xT) 2.827 0.663 0.43 0.60
ln(exL) 4.413 0.950 0.68 0.53
ln(exT) 2.758 0.643 0.43 0.59
ln(abP) 3.004 1.035 0.53 0.78
ln(abA) 2.667 0.541 0.27 0.70
ln(abT) 2.906 0.938 0.58 0.65
Elastomeric Isolation Bearings
ln(µφ) 0.787 1.244 0.75 0.58
ln(ebL) 4.864 0.726 0.57 0.51
ln(ebT) 3.114 0.306 0.32 0.36
ln(abP) 4.791 2.458 0.55 1.78
ln(abA) 0.037 0.336 0.41 0.32
ln(abT) 4.228 1.508 0.68 0.85
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ln(SD) = b · ln(PGA) + ln(a)
Response b a R2 βD|IM
Restrainer Cables
ln(µφ) 0.835 1.225 0.74 0.58
ln( f xL) 4.512 1.100 0.71 0.56
ln( f xT) 2.731 0.631 0.42 0.59
ln(exL) 4.223 0.875 0.70 0.46
ln(exT) 2.660 0.599 0.40 0.58
ln(abP) 2.828 0.956 0.52 0.74
ln(abA) 3.184 0.767 0.47 0.66
ln(abT) 2.914 0.932 0.59 0.63
Shear Keys
ln(µφ) 0.709 1.169 0.72 0.58
ln( f xL) 4.593 1.119 0.68 0.62
ln( f xT) 2.646 0.595 0.62 0.38
ln(exL) 4.424 0.943 0.67 0.53
ln(exT) 2.569 0.565 0.59 0.38
ln(abP) 3.041 1.042 0.54 0.77
ln(abA) 2.658 0.526 0.26 0.70
ln(abT) 3.275 1.085 0.67 0.62
Restrainer Cables and Shear Keys
ln(µφ) 0.683 1.161 0.74 0.55
ln( f xL) 4.515 1.101 0.71 0.56
ln( f xT) 2.469 0.520 0.57 0.36
ln(exL) 4.229 0.877 0.70 0.46
ln(exT) 2.434 0.509 0.58 0.35
ln(abP) 2.880 0.978 0.55 0.72
ln(abA) 3.213 0.780 0.47 0.66
ln(abT) 3.274 1.087 0.69 0.59
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Table B-5: MSSS Steel Correlation Matrices.
As-Built
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.917 0.913 0.834 0.932 0.863 0.854 0.874
ln( f xL) 0.917 1.000 0.886 0.900 0.898 0.934 0.872 0.890
ln( f xT) 0.913 0.886 1.000 0.806 0.909 0.827 0.805 0.861
ln(exL) 0.834 0.900 0.806 1.000 0.800 0.887 0.800 0.807
ln(exT) 0.932 0.898 0.909 0.800 1.000 0.845 0.836 0.903
ln(abP) 0.863 0.934 0.827 0.887 0.845 1.000 0.914 0.900
ln(abA) 0.854 0.872 0.805 0.800 0.836 0.914 1.000 0.924
ln(abT) 0.874 0.890 0.861 0.807 0.903 0.900 0.924 1.000
Steel Jackets
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.909 0.939 0.831 0.928 0.844 0.866 0.876
ln( f xL) 0.909 1.000 0.920 0.912 0.890 0.948 0.890 0.894
ln( f xT) 0.939 0.920 1.000 0.831 0.939 0.852 0.847 0.896
ln(exL) 0.831 0.912 0.831 1.000 0.797 0.892 0.802 0.816
ln(exT) 0.928 0.890 0.939 0.797 1.000 0.837 0.847 0.899
ln(abP) 0.844 0.948 0.852 0.892 0.837 1.000 0.899 0.906
ln(abA) 0.866 0.890 0.847 0.802 0.847 0.899 1.000 0.934
ln(abT) 0.876 0.894 0.896 0.816 0.899 0.906 0.934 1.000
Elastomeric Isolation Bearings
ln(µφ) ln(ebL) ln(ebT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.868 0.857 0.833 0.875 0.906
ln(ebL) 0.868 1.000 0.822 0.926 0.945 0.873
ln(ebT) 0.857 0.822 1.000 0.755 0.789 0.828
ln(abP) 0.833 0.926 0.755 1.000 0.911 0.856
ln(abA) 0.875 0.945 0.789 0.911 1.000 0.857
ln(abT) 0.906 0.873 0.828 0.856 0.857 1.000
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Restrainer Cables
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.914 0.944 0.836 0.932 0.850 0.844 0.881
ln( f xL) 0.914 1.000 0.908 0.903 0.890 0.943 0.912 0.882
ln( f xT) 0.944 0.908 1.000 0.823 0.937 0.847 0.815 0.885
ln(exL) 0.836 0.903 0.823 1.000 0.794 0.867 0.832 0.792
ln(exT) 0.932 0.890 0.937 0.794 1.000 0.838 0.819 0.895
ln(abP) 0.850 0.943 0.847 0.867 0.838 1.000 0.938 0.905
ln(abA) 0.844 0.912 0.815 0.832 0.819 0.938 1.000 0.927
ln(abT) 0.881 0.882 0.885 0.792 0.895 0.905 0.927 1.000
Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.918 0.906 0.837 0.933 0.872 0.862 0.871
ln( f xL) 0.918 1.000 0.887 0.908 0.898 0.948 0.890 0.890
ln( f xT) 0.906 0.887 1.000 0.800 0.908 0.820 0.802 0.845
ln(exL) 0.837 0.908 0.800 1.000 0.794 0.889 0.803 0.802
ln(exT) 0.933 0.898 0.908 0.794 1.000 0.842 0.833 0.885
ln(abP) 0.872 0.948 0.820 0.889 0.842 1.000 0.912 0.897
ln(abA) 0.862 0.890 0.802 0.803 0.833 0.912 1.000 0.919
ln(abT) 0.871 0.890 0.845 0.802 0.885 0.897 0.919 1.000
Restrainer Cables and Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.918 0.906 0.839 0.934 0.871 0.849 0.877
ln( f xL) 0.918 1.000 0.872 0.904 0.894 0.951 0.914 0.891
ln( f xT) 0.906 0.872 1.000 0.789 0.902 0.813 0.780 0.837
ln(exL) 0.839 0.904 0.789 1.000 0.790 0.875 0.829 0.793
ln(exT) 0.934 0.894 0.902 0.790 1.000 0.845 0.819 0.884
ln(abP) 0.871 0.951 0.813 0.875 0.845 1.000 0.941 0.908
ln(abA) 0.849 0.914 0.780 0.829 0.819 0.941 1.000 0.923
ln(abT) 0.877 0.891 0.837 0.793 0.884 0.908 0.923 1.000
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Table B-6: MSC Steel Correlation Matrices.
As-Built
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.784 0.904 0.828 0.892 0.795 0.721 0.857
ln( f xL) 0.784 1.000 0.767 0.816 0.683 0.714 0.687 0.657
ln( f xT) 0.904 0.767 1.000 0.745 0.888 0.758 0.694 0.817
ln(exL) 0.828 0.816 0.745 1.000 0.809 0.849 0.810 0.757
ln(exT) 0.892 0.683 0.888 0.809 1.000 0.741 0.586 0.751
ln(abP) 0.795 0.714 0.758 0.849 0.741 1.000 0.791 0.721
ln(abA) 0.721 0.687 0.694 0.810 0.586 0.791 1.000 0.829
ln(abT) 0.857 0.657 0.817 0.757 0.751 0.721 0.829 1.000
Steel Jackets
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.819 0.896 0.832 0.881 0.768 0.712 0.864
ln( f xL) 0.819 1.000 0.780 0.839 0.705 0.732 0.737 0.715
ln( f xT) 0.896 0.780 1.000 0.752 0.903 0.743 0.694 0.827
ln(exL) 0.832 0.839 0.752 1.000 0.805 0.836 0.812 0.762
ln(exT) 0.881 0.705 0.903 0.805 1.000 0.720 0.576 0.754
ln(abP) 0.768 0.732 0.743 0.836 0.720 1.000 0.787 0.714
ln(abA) 0.712 0.737 0.694 0.812 0.576 0.787 1.000 0.823
ln(abT) 0.864 0.715 0.827 0.762 0.754 0.714 0.823 1.000
Elastomeric Isolation Bearings
ln(µφ) ln(ebL) ln(ebT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.911 0.865 0.851 0.819 0.948
ln(ebL) 0.911 1.000 0.814 0.907 0.887 0.902
ln(ebT) 0.865 0.814 1.000 0.749 0.777 0.880
ln(abP) 0.851 0.907 0.749 1.000 0.817 0.846
ln(abA) 0.819 0.887 0.777 0.817 1.000 0.865
ln(abT) 0.948 0.902 0.880 0.846 0.865 1.000
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Restrainer Cables
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.815 0.876 0.829 0.880 0.797 0.798 0.858
ln( f xL) 0.815 1.000 0.826 0.830 0.737 0.769 0.769 0.741
ln( f xT) 0.876 0.826 1.000 0.766 0.866 0.753 0.768 0.834
ln(exL) 0.829 0.830 0.766 1.000 0.816 0.801 0.907 0.778
ln(exT) 0.880 0.737 0.866 0.816 1.000 0.705 0.737 0.749
ln(abP) 0.797 0.769 0.753 0.801 0.705 1.000 0.841 0.717
ln(abA) 0.798 0.769 0.768 0.907 0.737 0.841 1.000 0.793
ln(abT) 0.858 0.741 0.834 0.778 0.749 0.717 0.793 1.000
Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.833 0.891 0.814 0.852 0.751 0.710 0.888
ln( f xL) 0.833 1.000 0.810 0.845 0.735 0.759 0.722 0.701
ln( f xT) 0.891 0.810 1.000 0.741 0.823 0.728 0.712 0.888
ln(exL) 0.814 0.845 0.741 1.000 0.817 0.841 0.809 0.777
ln(exT) 0.852 0.735 0.823 0.817 1.000 0.683 0.580 0.802
ln(abP) 0.751 0.759 0.728 0.841 0.683 1.000 0.791 0.752
ln(abA) 0.710 0.722 0.712 0.809 0.580 0.791 1.000 0.808
ln(abT) 0.888 0.701 0.888 0.777 0.802 0.752 0.808 1.000
Restrainer Cables and Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.827 0.887 0.824 0.860 0.787 0.795 0.915
ln( f xL) 0.827 1.000 0.832 0.833 0.745 0.771 0.777 0.737
ln( f xT) 0.887 0.832 1.000 0.782 0.845 0.770 0.778 0.874
ln(exL) 0.824 0.833 0.782 1.000 0.824 0.808 0.906 0.804
ln(exT) 0.860 0.745 0.845 0.824 1.000 0.677 0.713 0.806
ln(abP) 0.787 0.771 0.770 0.808 0.677 1.000 0.855 0.777
ln(abA) 0.795 0.777 0.778 0.906 0.713 0.855 1.000 0.830
ln(abT) 0.915 0.737 0.874 0.804 0.806 0.777 0.830 1.000
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Table B-7: MSSS Concrete Correlation Matrices.
As-Built
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.815 0.688 0.883 0.717 0.861 0.810 0.920
ln( f xL) 0.815 1.000 0.752 0.831 0.757 0.819 0.630 0.722
ln( f xT) 0.688 0.752 1.000 0.666 0.885 0.688 0.498 0.642
ln(exL) 0.883 0.831 0.666 1.000 0.677 0.925 0.836 0.833
ln(exT) 0.717 0.757 0.885 0.677 1.000 0.697 0.520 0.680
ln(abP) 0.861 0.819 0.688 0.925 0.697 1.000 0.849 0.825
ln(abA) 0.810 0.630 0.498 0.836 0.520 0.849 1.000 0.850
ln(abT) 0.920 0.722 0.642 0.833 0.680 0.825 0.850 1.000
Steel Jackets
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.792 0.690 0.874 0.689 0.854 0.790 0.906
ln( f xL) 0.792 1.000 0.697 0.827 0.706 0.826 0.661 0.713
ln( f xT) 0.690 0.697 1.000 0.611 0.982 0.643 0.511 0.654
ln(exL) 0.874 0.827 0.611 1.000 0.617 0.927 0.842 0.817
ln(exT) 0.689 0.706 0.982 0.617 1.000 0.650 0.501 0.647
ln(abP) 0.854 0.826 0.643 0.927 0.650 1.000 0.842 0.811
ln(abA) 0.790 0.661 0.511 0.842 0.501 0.842 1.000 0.843
ln(abT) 0.906 0.713 0.654 0.817 0.647 0.811 0.843 1.000
Elastomeric Isolation Bearings
ln(µφ) ln(ebL) ln(ebT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.899 0.872 0.843 0.803 0.871
ln(ebL) 0.899 1.000 0.823 0.939 0.909 0.881
ln(ebT) 0.872 0.823 1.000 0.786 0.774 0.820
ln(abP) 0.843 0.939 0.786 1.000 0.867 0.801
ln(abA) 0.803 0.909 0.774 0.867 1.000 0.852
ln(abT) 0.871 0.881 0.820 0.801 0.852 1.000
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Restrainer Cables
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.817 0.695 0.897 0.715 0.886 0.905 0.956
ln( f xL) 0.817 1.000 0.742 0.806 0.762 0.835 0.746 0.748
ln( f xT) 0.695 0.742 1.000 0.615 0.968 0.679 0.604 0.662
ln(exL) 0.897 0.806 0.615 1.000 0.631 0.927 0.957 0.877
ln(exT) 0.715 0.762 0.968 0.631 1.000 0.684 0.627 0.679
ln(abP) 0.886 0.835 0.679 0.927 0.684 1.000 0.934 0.844
ln(abA) 0.905 0.746 0.604 0.957 0.627 0.934 1.000 0.877
ln(abT) 0.956 0.748 0.662 0.877 0.679 0.844 0.877 1.000
Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.824 0.860 0.886 0.867 0.883 0.840 0.950
ln( f xL) 0.824 1.000 0.798 0.849 0.787 0.852 0.642 0.757
ln( f xT) 0.860 0.798 1.000 0.758 0.968 0.778 0.634 0.814
ln(exL) 0.886 0.849 0.758 1.000 0.766 0.947 0.892 0.868
ln(exT) 0.867 0.787 0.968 0.766 1.000 0.775 0.640 0.824
ln(abP) 0.883 0.852 0.778 0.947 0.775 1.000 0.873 0.854
ln(abA) 0.840 0.642 0.634 0.892 0.640 0.873 1.000 0.844
ln(abT) 0.950 0.757 0.814 0.868 0.824 0.854 0.844 1.000
Restrainer Cables and Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.832 0.866 0.886 0.868 0.891 0.910 0.957
ln( f xL) 0.832 1.000 0.790 0.816 0.802 0.847 0.774 0.759
ln( f xT) 0.866 0.790 1.000 0.718 0.970 0.767 0.742 0.824
ln(exL) 0.886 0.816 0.718 1.000 0.729 0.932 0.954 0.875
ln(exT) 0.868 0.802 0.970 0.729 1.000 0.777 0.750 0.827
ln(abP) 0.891 0.847 0.767 0.932 0.777 1.000 0.937 0.855
ln(abA) 0.910 0.774 0.742 0.954 0.750 0.937 1.000 0.892
ln(abT) 0.957 0.759 0.824 0.875 0.827 0.855 0.892 1.000
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Table B-8: MSC Concrete Correlation Matrices.
As-Built
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.867 0.787 0.871 0.789 0.755 0.630 0.828
ln( f xL) 0.867 1.000 0.697 0.977 0.697 0.841 0.656 0.742
ln( f xT) 0.787 0.697 1.000 0.703 0.990 0.627 0.292 0.500
ln(exL) 0.871 0.977 0.703 1.000 0.704 0.897 0.695 0.739
ln(exT) 0.789 0.697 0.990 0.704 1.000 0.643 0.297 0.501
ln(abP) 0.755 0.841 0.627 0.897 0.643 1.000 0.659 0.640
ln(abA) 0.630 0.656 0.292 0.695 0.297 0.659 1.000 0.825
ln(abT) 0.828 0.742 0.500 0.739 0.501 0.640 0.825 1.000
Steel Jackets
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.882 0.786 0.881 0.783 0.769 0.633 0.827
ln( f xL) 0.882 1.000 0.712 0.977 0.705 0.845 0.651 0.750
ln( f xT) 0.786 0.712 1.000 0.712 0.960 0.644 0.318 0.525
ln(exL) 0.881 0.977 0.712 1.000 0.706 0.904 0.698 0.748
ln(exT) 0.783 0.705 0.960 0.706 1.000 0.653 0.281 0.480
ln(abP) 0.769 0.845 0.644 0.904 0.653 1.000 0.637 0.642
ln(abA) 0.633 0.651 0.318 0.698 0.281 0.637 1.000 0.835
ln(abT) 0.827 0.750 0.525 0.748 0.480 0.642 0.835 1.000
Elastomeric Isolation Bearings
ln(µφ) ln(ebL) ln(ebT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.871 0.717 0.817 0.770 0.927
ln(ebL) 0.871 1.000 0.712 0.907 0.929 0.870
ln(ebT) 0.717 0.712 1.000 0.583 0.658 0.723
ln(abP) 0.817 0.907 0.583 1.000 0.792 0.815
ln(abA) 0.770 0.929 0.658 0.792 1.000 0.803
ln(abT) 0.927 0.870 0.723 0.815 0.803 1.000
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Restrainer Cables
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.861 0.781 0.860 0.782 0.747 0.721 0.818
ln( f xL) 0.861 1.000 0.684 0.975 0.681 0.825 0.778 0.736
ln( f xT) 0.781 0.684 1.000 0.683 0.986 0.621 0.388 0.466
ln(exL) 0.860 0.975 0.683 1.000 0.681 0.874 0.838 0.744
ln(exT) 0.782 0.681 0.986 0.681 1.000 0.632 0.389 0.462
ln(abP) 0.747 0.825 0.621 0.874 0.632 1.000 0.773 0.618
ln(abA) 0.721 0.778 0.388 0.838 0.389 0.773 1.000 0.821
ln(abT) 0.818 0.736 0.466 0.744 0.462 0.618 0.821 1.000
Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.866 0.855 0.870 0.854 0.771 0.660 0.901
ln( f xL) 0.866 1.000 0.791 0.978 0.786 0.851 0.654 0.796
ln( f xT) 0.855 0.791 1.000 0.791 0.985 0.704 0.464 0.790
ln(exL) 0.870 0.978 0.791 1.000 0.788 0.905 0.694 0.800
ln(exT) 0.854 0.786 0.985 0.788 1.000 0.706 0.454 0.786
ln(abP) 0.771 0.851 0.704 0.905 0.706 1.000 0.666 0.715
ln(abA) 0.660 0.654 0.464 0.694 0.454 0.666 1.000 0.789
ln(abT) 0.901 0.796 0.790 0.800 0.786 0.715 0.789 1.000
Restrainer Cables and Shear Keys
ln(µφ) ln( f xL) ln( f xT) ln(exL) ln(exT) ln(abP) ln(abA) ln(abT)
ln(µφ) 1.000 0.860 0.846 0.855 0.844 0.761 0.748 0.902
ln( f xL) 0.860 1.000 0.772 0.976 0.767 0.835 0.782 0.795
ln( f xT) 0.846 0.772 1.000 0.766 0.988 0.693 0.535 0.764
ln(exL) 0.855 0.976 0.766 1.000 0.762 0.885 0.839 0.805
ln(exT) 0.844 0.767 0.988 0.762 1.000 0.695 0.532 0.760
ln(abP) 0.761 0.835 0.693 0.885 0.695 1.000 0.790 0.705
ln(abA) 0.748 0.782 0.535 0.839 0.532 0.790 1.000 0.817
ln(abT) 0.902 0.795 0.764 0.805 0.760 0.705 0.817 1.000
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APPENDIX C
COMPONENT FRAGILITY MODELS FOR
RETROFITTED BRIDGES
Section 7.5 presented the approach for developing fragility curves for the critical compo-
nents of the retrofitted bridge systems. This appendix presents tables of the parameters for
the component fragility models, where the median value,m dcomp, is in units ofg PGA
andβcomp is the lognormal standard deviation. As done by (Nielson, 2005a) for the as-built
bridges, when any component median value is greater than 4.0, the median and disper-
sions are replaced by 99.00 and 0.00 respectively, to indicate that this component is not
significantly vulnerable for that damage state.
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Table C-1: Retrofitted MSSS Steel Component Fragility Curves.
As-built
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.56 0.56 0.79 0.52 1.14 0.59 1.52 0.59
Fxd-Long 0.30 0.36 0.51 0.36 0.69 0.40 1.35 0.45
Fxd-Tran 0.43 0.48 0.78 0.48 1.10 0.52 2.34 0.57
Exp-Long 0.33 0.65 0.75 0.62 0.93 0.64 1.19 0.68
Exp-Tran 0.57 0.40 1.33 0.40 2.17 0.49 99.00 0.00
Ab-Pass 1.96 0.55 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.87 0.94 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 1.46 0.87 99.00 0.00 99.00 0.00 99.00 0.00
Steel Jacket
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 2.48 0.58 3.90 0.54 5.13 0.60 5.70 0.61
Fxd-Long 0.31 0.34 0.52 0.34 0.71 0.39 1.40 0.43
Fxd-Tran 0.41 0.42 0.72 0.42 0.98 0.46 1.97 0.50
Exp-Long 0.34 0.65 0.78 0.62 0.96 0.64 1.24 0.68
Exp-Tran 0.59 0.40 1.39 0.40 2.28 0.49 6.84 0.58
Ab-Pass 2.35 0.56 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 1.10 1.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 1.50 0.85 99.00 0.00 99.00 0.00 99.00 0.00
Elastomeric Isolation Bearing
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.60 0.60 0.86 0.56 1.25 0.63 1.68 0.63
EB-Long 0.56 0.78 0.82 0.75 1.08 0.78 1.82 0.82
EB-Tran 3.96 1.44 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 1.17 0.60 2.32 0.60 6.00 0.56 6.00 0.56
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.68 0.68 1.67 0.78 2.70 0.76 14.98 0.50
Restrainer Cables
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.58 0.58 0.83 0.54 1.20 0.60 1.60 0.61
Fxd-Long 0.30 0.35 0.51 0.35 0.70 0.39 1.39 0.44
Fxd-Tran 0.41 0.43 0.71 0.43 0.97 0.47 1.95 0.51
Exp-Long 0.38 0.69 0.93 0.66 1.18 0.68 1.56 0.73
Exp-Tran 0.60 0.41 1.41 0.41 2.33 0.50 99.00 0.00
Ab-Pass 2.58 0.58 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.70 0.89 3.07 1.09 99.00 0.00 99.00 0.00
Ab-Tran 1.65 0.88 99.00 0.00 99.00 0.00 99.00 0.00
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Seat Extenders
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.56 0.56 0.79 0.52 1.14 0.59 1.52 0.59
Fxd-Long 0.30 0.36 0.51 0.36 0.69 0.40 1.75 0.45
Fxd-Tran 0.43 0.48 0.78 0.48 1.10 0.52 2.34 0.57
Exp-Long 0.33 0.65 0.75 0.62 0.93 0.64 1.92 0.68
Exp-Tran 0.57 0.40 1.33 0.40 2.17 0.49 99.00 0.00
Ab-Pass 1.96 0.55 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.87 0.94 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 1.46 0.87 99.00 0.00 99.00 0.00 99.00 0.00
Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.55 0.57 0.77 0.53 1.10 0.59 1.45 0.60
Fxd-Long 0.30 0.36 0.50 0.36 0.68 0.40 1.34 0.45
Fxd-Tran 0.45 0.52 0.82 0.52 1.16 0.56 2.51 0.60
Exp-Long 0.33 0.64 0.73 0.61 0.91 0.63 1.16 0.67
Exp-Tran 0.55 0.44 1.25 0.44 2.01 0.52 5.78 0.61
Ab-Pass 1.77 0.56 4.81 0.56 19.55 0.44 19.55 0.44
Ab-Act 0.80 0.91 3.69 1.12 8.25 1.06 148.98 0.46
Ab-Tran 1.50 0.87 6.32 1.06 13.46 1.01 203.99 0.46
Restrainer Cables and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.57 0.57 0.80 0.53 1.16 0.60 1.54 0.60
Fxd-Long 0.30 0.35 0.51 0.35 0.70 0.40 1.39 0.44
Fxd-Tran 0.46 0.53 0.84 0.53 1.20 0.57 2.63 0.61
Exp-Long 0.37 0.68 0.90 0.64 1.13 0.67 1.49 0.71
Exp-Tran 0.57 0.46 1.32 0.46 2.15 0.54 99.00 0.00
Ab-Pass 2.05 0.56 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.62 0.84 2.46 1.03 99.00 0.00 99.00 0.00
Ab-Tran 1.64 0.89 99.00 0.00 99.00 0.00 99.00 0.00
Seat Extenders and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.55 0.57 0.77 0.53 1.10 0.59 1.45 0.60
Fxd-Long 0.30 0.36 0.50 0.36 0.68 0.40 1.74 0.45
Fxd-Tran 0.45 0.52 0.82 0.52 1.16 0.56 2.51 0.60
Exp-Long 0.33 0.64 0.73 0.61 0.91 0.63 1.87 0.67
Exp-Tran 0.55 0.44 1.25 0.44 2.01 0.52 99.00 0.00
Ab-Pass 1.77 0.56 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.80 0.91 3.69 1.12 99.00 0.00 99.00 0.00
Ab-Tran 1.50 0.87 99.00 0.00 99.00 0.00 99.00 0.00
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Table C-2: Retrofitted MSC Steel Component Fragility Curves.
As-built
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.37 0.62 0.49 0.59 0.66 0.64 0.84 0.64
Fxd-Long 0.83 0.65 1.78 0.65 2.75 0.70 99.00 0.00
Fxd-Tran 0.52 0.69 1.01 0.69 1.48 0.72 3.46 0.77
Exp-Long 0.23 0.65 0.45 0.63 0.55 0.64 0.68 0.67
Exp-Tran 0.26 0.53 0.48 0.53 0.68 0.57 1.51 0.61
Ab-Pass 0.95 0.82 1.73 0.82 99.00 0.00 99.00 0.00
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.89 0.98 99.00 0.00 99.00 0.00 99.00 0.00
Steel Jacket
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 1.34 0.59 1.96 0.56 2.47 0.61 2.70 0.61
Fxd-Long 0.74 0.61 1.52 0.61 2.30 0.66 99.00 0.00
Fxd-Tran 0.51 0.69 0.98 0.69 1.43 0.73 3.30 0.77
Exp-Long 0.23 0.65 0.46 0.62 0.56 0.64 0.69 0.67
Exp-Tran 0.27 0.53 0.51 0.53 0.74 0.58 1.69 0.62
Ab-Pass 1.06 0.88 1.97 0.88 99.00 0.00 99.00 0.00
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.80 0.93 3.46 1.12 99.00 0.00 99.00 0.00
Elastomeric Isolation Bearing
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.60 0.67 0.86 0.64 1.24 0.69 1.65 0.70
EB-Long 0.35 0.80 0.50 0.77 0.64 0.79 1.05 0.83
EB-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 0.75 0.75 1.34 0.75 3.02 0.72 3.02 0.72
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.35 0.79 0.80 0.87 1.24 0.85 99.00 0.00
Restrainer Cables
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.41 0.66 0.56 0.63 0.77 0.67 0.98 0.68
Fxd-Long 1.29 0.68 3.09 0.68 99.00 0.00 99.00 0.00
Fxd-Tran 0.53 0.68 1.04 0.68 1.53 0.71 3.61 0.76
Exp-Long 0.26 0.66 0.55 0.64 0.67 0.65 0.85 0.69
Exp-Tran 0.26 0.52 0.48 0.52 0.69 0.56 1.53 0.61
Ab-Pass 1.51 0.92 3.03 0.92 99.00 0.00 99.00 0.00
Ab-Act 0.40 0.81 0.84 0.86 1.24 0.85 99.00 0.00
Ab-Tran 0.84 0.97 3.85 1.16 99.00 0.00 99.00 0.00
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Seat Extenders
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.37 0.62 0.49 0.59 0.66 0.64 0.84 0.64
Fxd-Long 0.83 0.65 1.78 0.65 2.75 0.70 99.00 0.00
Fxd-Tran 0.52 0.69 1.01 0.69 1.48 0.72 3.46 0.77
Exp-Long 0.23 0.65 0.45 0.63 0.55 0.64 1.02 0.67
Exp-Tran 0.26 0.53 0.48 0.53 0.68 0.57 1.51 0.61
Ab-Pass 0.95 0.82 1.73 0.82 4.01 0.80 99.00 0.00
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.89 0.98 4.23 1.18 99.00 0.00 99.00 0.00
Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.43 0.65 0.59 0.62 0.82 0.67 1.06 0.67
Fxd-Long 0.87 0.63 1.85 0.63 2.86 0.68 99.00 0.00
Fxd-Tran 0.79 0.68 1.78 0.68 2.85 0.73 99.00 0.00
Exp-Long 0.23 0.66 0.47 0.63 0.57 0.65 0.71 0.68
Exp-Tran 0.34 0.45 0.76 0.45 1.21 0.52 3.43 0.60
Ab-Pass 1.02 0.83 1.89 0.83 4.48 0.81 99.00 0.00
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.64 0.86 2.42 1.02 4.84 0.98 99.00 0.00
Restrainer Cables and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.43 0.66 0.58 0.63 0.81 0.67 1.04 0.68
Fxd-Long 1.36 0.68 3.30 0.68 99.00 0.00 99.00 0.00
Fxd-Tran 0.71 0.65 1.55 0.65 2.44 0.71 99.00 0.00
Exp-Long 0.26 0.66 0.55 0.63 0.67 0.65 0.85 0.68
Exp-Tran 0.34 0.45 0.77 0.45 1.23 0.53 3.51 0.61
Ab-Pass 1.38 0.89 2.72 0.89 99.00 0.00 99.00 0.00
Ab-Act 0.40 0.80 0.83 0.86 1.22 0.84 99.00 0.00
Ab-Tran 0.59 0.85 2.12 1.00 99.00 0.00 99.00 0.00
Seat Extenders and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.43 0.65 0.59 0.62 0.82 0.67 1.06 0.67
Fxd-Long 0.87 0.63 1.85 0.63 2.86 0.68 99.00 0.00
Fxd-Tran 0.79 0.68 1.78 0.68 2.85 0.73 99.00 0.00
Exp-Long 0.23 0.66 0.47 0.63 0.57 0.65 1.07 0.68
Exp-Tran 0.34 0.45 0.76 0.45 1.21 0.52 3.43 0.60
Ab-Pass 1.02 0.83 1.89 0.83 99.00 0.00 99.00 0.00
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.64 0.86 2.42 1.02 99.00 0.00 99.00 0.00
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Table C-3: Retrofitted MSSS Concrete Component Fragility Curves.
As-built
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.61 0.68 0.93 0.63 1.43 0.71 2.00 0.71
Fxd-Long 0.51 0.77 1.54 0.74 1.93 0.76 2.54 0.80
Fxd-Tran 1.60 1.45 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.79 1.27 0.75 1.67 0.78 2.32 0.83
Exp-Tran 1.36 1.42 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 3.14 0.73 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.07 2.32 1.26 99.00 0.00 99.00 0.00
Ab-Tran 0.78 0.82 2.88 0.99 99.00 0.00 99.00 0.00
Steel Jacket
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 3.74 0.70 99.00 0.00 99.00 0.00 99.00 0.00
Fxd-Long 0.55 0.79 1.74 0.75 2.22 0.78 2.95 0.82
Fxd-Tran 2.47 1.64 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.35 0.80 1.36 0.76 1.81 0.79 2.53 0.84
Exp-Tran 2.61 1.64 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 3.02 0.73 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.47 1.03 2.09 1.20 99.00 0.00 99.00 0.00
Ab-Tran 0.88 0.89 3.43 1.06 99.00 0.00 99.00 0.00
Elastomeric Isolation Bearing
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.60 0.63 0.88 0.58 1.32 0.65 1.81 0.66
EB-Long 0.86 0.90 1.36 0.85 1.87 0.88 3.52 0.94
EB-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 0.79 0.67 1.41 0.67 3.21 0.65 3.21 0.65
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.43 0.84 1.26 0.95 2.20 0.92 99.00 0.00
Restrainer Cables
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.67 0.70 1.03 0.65 1.61 0.74 2.29 0.74
Fxd-Long 0.51 0.77 1.54 0.74 1.95 0.77 2.56 0.80
Fxd-Tran 1.92 1.63 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.37 0.87 1.65 0.82 2.25 0.86 3.23 0.92
Exp-Tran 1.64 1.51 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 3.40 0.79 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.45 0.97 2.10 1.17 99.00 0.00 99.00 0.00
Ab-Tran 0.98 0.91 99.00 0.00 99.00 0.00 99.00 0.00
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Seat Extenders
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.65 0.66 0.97 0.61 1.50 0.69 2.09 0.70
Fxd-Long 0.51 0.77 1.54 0.74 1.93 0.76 99.00 0.00
Fxd-Tran 1.60 1.45 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.79 1.27 0.75 1.67 0.78 99.00 0.00
Exp-Tran 1.36 1.42 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 3.14 0.73 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.07 2.32 1.26 99.00 0.00 99.00 0.00
Ab-Tran 0.78 0.82 2.88 0.99 99.00 0.00 99.00 0.00
Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.57 0.68 0.84 0.63 1.28 0.70 1.77 0.71
Fxd-Long 0.46 0.76 1.31 0.73 1.63 0.75 2.12 0.79
Fxd-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.31 0.75 1.07 0.71 1.39 0.74 1.89 0.79
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.43 0.71 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.65 1.12 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.85 0.84 3.28 1.02 99.00 0.00 99.00 0.00
Restrainer Cables and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.63 0.70 0.95 0.65 1.46 0.73 2.04 0.74
Fxd-Long 0.51 0.78 1.56 0.75 1.97 0.77 2.59 0.81
Fxd-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.36 0.82 1.44 0.77 1.93 0.80 2.73 0.86
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.72 0.76 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.42 0.90 1.78 1.08 3.78 1.03 99.00 0.00
Ab-Tran 0.87 0.86 3.39 1.04 99.00 0.00 99.00 0.00
Seat Extenders and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.62 0.68 0.93 0.64 1.42 0.71 1.97 0.72
Fxd-Long 0.46 0.76 1.31 0.73 1.63 0.75 3.44 0.79
Fxd-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.31 0.75 1.07 0.71 1.39 0.74 3.38 0.79
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.43 0.71 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.65 1.12 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.85 0.84 3.28 1.02 99.00 0.00 99.00 0.00
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Table C-4: Retrofitted MSC Concrete Component Fragility Curves.
As-built
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.59 0.69 0.87 0.65 1.33 0.72 1.84 0.73
Fxd-Long 0.34 0.78 1.08 0.75 1.38 0.77 1.84 0.81
Fxd-Tran 2.04 1.46 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.86 1.32 0.82 1.76 0.85 2.48 0.90
Exp-Tran 2.39 1.51 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.03 0.94 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.51 1.03 2.17 1.20 99.00 0.00 99.00 0.00
Steel Jacket
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 2.89 0.67 99.00 0.00 99.00 0.00 99.00 0.00
Fxd-Long 0.34 0.76 1.06 0.73 1.35 0.75 1.79 0.79
Fxd-Tran 2.24 1.50 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.84 1.28 0.80 1.69 0.83 2.36 0.88
Exp-Tran 2.55 1.53 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 1.80 0.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.83 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.51 1.02 2.18 1.19 99.00 0.00 99.00 0.00
Elastomeric Isolation Bearing
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.65 0.68 0.96 0.63 1.46 0.71 2.01 0.71
EB-Long 1.11 1.09 1.94 1.03 2.88 1.07 99.00 0.00
EB-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 1.06 0.76 1.25 0.76 1.41 0.76 1.77 0.77
Ab-Act 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.66 0.64 1.65 0.64 99.00 0.00 99.00 0.00
Restrainer Cables
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.59 0.68 0.87 0.63 1.33 0.71 1.83 0.71
Fxd-Long 0.35 0.75 1.13 0.71 1.44 0.74 1.92 0.78
Fxd-Tran 2.71 1.56 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.37 0.87 1.62 0.82 2.20 0.85 3.16 0.91
Exp-Tran 3.22 1.63 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.27 0.91 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.31 1.25 1.80 1.46 99.00 0.00 99.00 0.00
Ab-Tran 0.51 1.01 2.17 1.18 99.00 0.00 99.00 0.00
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Seat Extenders
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.59 0.69 0.87 0.65 1.33 0.72 1.84 0.73
Fxd-Long 0.34 0.78 1.08 0.75 1.38 0.77 3.15 0.81
Fxd-Tran 2.04 1.46 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.86 1.32 0.82 1.76 0.85 99.00 0.00
Exp-Tran 2.39 1.51 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.03 0.94 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.51 1.03 2.17 1.20 99.00 0.00 99.00 0.00
Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.63 0.71 0.95 0.66 1.46 0.74 2.04 0.74
Fxd-Long 0.33 0.77 1.05 0.74 1.33 0.76 1.77 0.80
Fxd-Tran 3.32 1.47 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.85 1.27 0.81 1.68 0.84 2.35 0.89
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 1.73 0.86 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.40 0.86 1.39 1.01 2.68 0.97 99.00 0.00
Restrainer Cables and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.65 0.69 0.98 0.65 1.52 0.72 2.13 0.73
Fxd-Long 0.35 0.75 1.13 0.71 1.44 0.74 1.91 0.78
Fxd-Tran 5.56 1.67 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.37 0.87 1.61 0.82 2.18 0.85 3.13 0.91
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 2.11 0.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.30 1.24 1.72 1.44 99.00 0.00 99.00 0.00
Ab-Tran 0.40 0.84 1.39 1.00 2.68 0.95 99.00 0.00
Seat Extenders and Shear Keys
Slight Moderate Extensive Complete
Component medcomp βcomp medcomp βcomp medcomp βcomp medcomp βcomp
Column 0.63 0.71 0.95 0.66 1.46 0.74 2.04 0.74
Fxd-Long 0.33 0.77 1.05 0.74 1.33 0.76 3.01 0.80
Fxd-Tran 3.32 1.47 99.00 0.00 99.00 0.00 99.00 0.00
Exp-Long 0.33 0.85 1.27 0.81 1.68 0.84 99.00 0.00
Exp-Tran 99.00 0.00 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Pass 1.73 0.86 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Act 0.49 1.88 99.00 0.00 99.00 0.00 99.00 0.00
Ab-Tran 0.40 0.86 1.39 1.01 2.68 0.97 99.00 0.00
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APPENDIX D
PERCENT DIFFERENT IN MEDIAN VALUES FOR
RETROFIT SELECTION
Chapter 8 presented a simplified approach for comparing retrofits based on the percent
difference in the median values of the system fragility relative to the as-built bridge. The
percent change is listed in Table D-1 - Table D-4 for the four typical classes of bridges
evaluated as a part of this work.
Table D-1: Percent Difference in Fragility Medians for Retrofitted MSSS Steel Relative to
As-Built Bridge.
% Di fference inmedsys from As-Built
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets +6% +6% +7% +13%
Elastomeric Isolation Bearings +57% +32% +37% +39%
Restrainer Cables +3% +3% +4% +11%
Seat Extenders 0% 0% 0% +26%
Shear Keys -1% -2% -2% -3%
Restrainer Cables and Shear Keys+2% +2% +4% +9%
Seat Extenders and Shear Keys -1% -2% -1% +23%
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Table D-2: Percent Difference in Fragility Medians for Retrofitted MSC Steel Relative to
As-Built Bridge.
% Di fference inmedsys from As-Built
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets +4% +14% +14% +18%
Elastomeric Isolation Bearings +37% +21% +27% +61%
Restrainer Cables +3% +5% +11% +17%
Seat Extenders -1% +1% 0% +21%
Shear Keys +8% +14% +13% +9%
Restrainer Cables and Shear Keys+9% +17% +21% +21%
Seat Extenders and Shear Keys +9% +15% +15% +41%
Table D-3: Percent Difference in Fragility Medians for Retrofitted MSSS Concrete Rela-
tive to As-Built Bridge.
% Di fference inmedsys from As-Built
Retrofit Measure Slight Moderate Extensive Complete
Steel Jackets +5% +30% +33% +41%
Elastomeric Isolation Bearings +62% +1% +5% +17%
Restrainer Cables +1% +7% +10% +13%
Seat Extenders -1% +3% +2% +32%
Shear Keys +4% -3% -8% -13%
Restrainer Cables and Shear Keys+6% +3% +6% +7%
Seat Extenders and Shear Keys +4% +1% -5% +22%
Table D-4: Percent Difference in Fragility Medians for Retrofitted MSC Concrete Relative
to As-Built Bridge.
% Di fference inmedsys from As-Built
Retrofit Measure Slight Moderate Extensive Complete
Steel Ja Steel Jackets +3% +16% +17% +20%
Elastomeric Isolation Bearings +194% +31% +21% +17%
Restrainer Cables +4% -4% +1% +5%
Seat Extenders +1% 0% 0% +31%
Shear Keys +1% -2% -1% +1%
Restrainer Cables and Shear Keys+4% -4% +4% +12%
Seat Extenders and Shear Keys +1% -3% -1% +37%
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